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INTRODUCTION

A series of Technical Liaison Groups have been formed for intra-
NASAexchange of technical data related to the Apollo project. This
paper presents a series of selected excerpts from the minutes of the
January 1961 meetings of these groups believed to contain technical
data of particular interest. It should be noted that in manycases the
discussions presented are not complete, that someof the concepts pre-
sented evolved during the course of the meeting and are subject to
further checking, and the numerical data included maybe in error.
Extreme caution should be used in applying such data. On the other
hand, it is felt valuable to make this information available at the
earliest possible date, in order to expedite progress in the Apollo
studies by making those persons concerned with the studies aware of
the general value, extent and availability of the work being undertaken
within the NASA.

The membership is composedentirely of NASApersonnel from
Space Task Group, the various research and flight centers, the Jet
Propulsion Laboratory and NASAHeadquarters.

The excerpts are presented in a separate section of this report
for each Technical Liaison Group. All referenced figures, tables, and
report titles will be found in or at the end of that section in which
they are referenced rather than at the end of this paper. The numbering
systems will be found to be consistent within each section, but not
necessarily between sections.

There are nine Technical Liaison Groups:

i. Trajectory Analysis

2. Instrumentation and Communication

3. Mechanical Systems

4. Heating

5. Guidance and Control

6. Configurations and Aerodynamics

7. HumanFactors

8. OnboardPropulsion

9. Structures and Materials
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SECTION I

EXCERPTS FROM

TRAJECTORY ANALYSIS

APOLLO TECHNICAL LIAISON GROUP MEETING

January 21, 1961
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Space Task Group (STG).-

a. Summary report.-

(i) Longitudinal range study for reentry at near-escape speeds.-

A study is in progress to show the general characteristics of the

longitudinal-range capabilities for reentry at near-escape speeds. The

controllable longitudinal range is defined and the longitudinal range and

controllable range determined for a range of L/D's from 0.2 to 0. 7 and

W/CDA'S from 25 to i00. The study assumes reentry from equatorial

west-to-east orbits and constant aerodynamic characteristics for the

reentry vehicle with both Mach number and angle of attack. The results

to date indicate that considerable longitudinal range control can be

obtained with vehicles having low L/D's at the expense of reducing the

corridor depth and bouncing out of the atmosphere. For an L/D of

0.35 and W/CDA of 50, the range to touchdown from 400,O00-foot altitude

could be controlled from a maximum of 5,760 miles to a minimum of

1,440 miles with a corridor depth of 30 miles.'

(2) Lateral range studies for reentry at near-escape speeds.-

A study is in progress to show the lateral range capabilities for

reentry at near-escape speeds for reentry vehicles having L/D's of

0.35 and 0. 5 and W/CDA of 25, 50 , and 75. The study is for equatorial

reentry west-to-east and assumes aerodynamic characteristics constant

with Maeh number and angle of attack. Results to date show that for

constant bank angles initiated before reentry, the lateral range is a

function of both longitudinal range and corridor depth. For an L/D of

0.35 , a maximum lateral range of 350 miles was obtained at a longitudinal

range of 4,350 miles for a corridor depth of 30 miles. It was noted

that at longitudinal ranges of 12,000 miles there was little or no

lateral range.

(3) Manned lunar landings from lunar orbits.- A study is in progress

to determine the velocity and fuel requirements necessary to make a

soft lunar landing from lunar orbits of various altitudes. The study

will consider both horizontal and vertical contact. Preliminary results

indicate that the incremental velocity changes required to descend from

low-altitude orbits (50 to i00 nautical miles) is not greater than that

for soft lunar landings from collision trajectories. However, descent

from orbits with apocynthions of 1,000 nautical miles requires up to

1,000 ft/sec more retrovelocity.

b. Reentry control study.-

One of the requirements of a satisfactory space vehicle is that it

be able to return safely to earth to a predetermined point. In order

to accomplish this point return, it is necessary that the space vehicle

be designed with enough range control on reentry to correct for variation
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such as navigation errors in the return position and for errors during

reentry resulting from variation in the earth's atmosphere. To obtain

information on the range control capabilities of lifting vehicles, a

study was made of the effects of L/D and corridor width on the control-

lable range. Controllable range is defined as the overlap in the ranges

_hat can be obtained at the top and the bottom of the corridor, as

illustrated in _'igure I. The bottom of the corridor is defined by the

steepest reentry which will not exceed a given maximum deceleration.

!'h_._ trajectory at the bottom of the corr:idor is obtsined by holding

maxim_ml positive L/D until the maximum deceleration point is passed

after which the lift can be modulated Co provide range control. For

Che shortest r_ge, the m_ximum deceleration is held constant until

near] y touchdown. For maximum rankle the L/D was held constant until

Louchdown.

The top of' the corridor is commonly defined by the trajectory which

reenters in one revolution around the earth when full-negative L/D is

applied; that is, the boundary between multiple- and single-pass returns.

This definition in itself states that the minimum range at the top of

the corridor is 25,000 miles. It is apparent, therefore, that with

this definition for the top of the corridor, controllable range can only

be obtained at high L/D's.

The first step in the range control study, therefore, was to examine

the range characteristics near the top of the corridor. Figure 2 shows

the results of the analysis of the range for full-negatlve L/D held

constant to touchdown. It is observed that as the reentry angle is

decreased, the range increases slowly and then brakes very sharply. It

is observed that the range jumps from about 20 ° or 1,200 miles to 360 °

or 25,000 miles with less than 0. i change in reentry angle. The top

of the reentry corridoz" can be defined to correspond with this brake in

the range curve with the loss of less than I mile or 0.i ° in corridor

depth. We gain, however, a considerable overlap in the ranges at the

top and bottom of the corridor.

With this definition of the corridor in mind, an analysis was made

of the controllable range; that is, the difference between the maximum

range at the bottom of the corridor and the minimum range at the top

for range L/D's and maximum deceleration levels. This study was made

for equatorial reentries in an easterly direction. No restrictions

were placed on the vehicle in respect to the altitude of bounce as it

was desired to analyze the maximum capability.

The results of the study are shown in figure 3. There is presented

in figure 3 the controllable range as a function of corridor depth for

L/D from 0. 3 to 0.7 and maximum total deceleration from 4g to lOg.

The results show that for L/D of 0.4 and a maximum deceleration of 6g,

the controllable longitudinal range would be about 13,000 nautical miles

.... _ JT,
v
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and the corridor about 28 miles. It is apparent that considerable con-

trollable range is available in L/D region of 0.3 to 0.4 even at the

high g reentries.

W

The results shown in figure 3 are for CD A of lO0. Preliminary
W

results for CD A of 50 indicate that the general picture is about the

same. I_owever_ there is likely to be some increase in the controllable

range at the lower ballistic number. The results at a ballistic number

of 50 are now nearing completion.

In general_ the long ranges are associated with a skip off the top

of the atmosphere. This skip at times results in a bounce at very high

altitudes. Since there is some concern as to additional passes through

or into the radiation belt, an indication of the altitude of bounce is

shown in figure 3. The vertical line represents the conditions for a

bounce to 500-nautical mile altitude. Rangesto the right of this line

are associated with a bounce to higher altitude with the extreme range

at L/D = 0. 7 going to 4,500-nautical mile altitude. Ranges to the

left of the vertical line are associated with bounce altitude of less

than 500 nautical miles. For I0,000 controllable range, the bounce

reaches an altitude of less than 250 nautical miles.

Ames Research Center (ARC).-

a. Summary report.-

(i) Tradectories.- The abort trajectory work was summarized using

a set of figures which illustrated V requirements as a function of

various parameters for returning to the earth as any time during boost.

This work was done by Robert Slye of the ARC 3.5-Foot Tunnel Branch.

The atmospheric-entry work reported was on the "Effect of Lateral

and Longitudinal-Range Capability on Reentry 'Window' for Lunar Mission."

This work illustrated means of defining tradeoffs between midcourse-

guidance accuracy and L/D. The work was done by AI Boissevain of the

ARC Supersonic Free-Flight Tunnel Group.

The circumlunar trajectory work reported referred to a paper

entitled_ "Some Characteristics of Ballistic Circumlunar Trajectories."

The work was done by the Guidance and Control Branch.

Some results regarding implications of direct ascent and point return

on characteristics of trajectories were reported. This work was done by

members of the Guidance and Control Branch.

J
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(2) Navigation.- The navigation work reported was in the two areas

of midcourse and entry. The discussion on midcourse area was as follows:

(a) Errors in determining position along a reference trajectory

for three optical instrumentation methyls.

(b) Circumlm_ar navigation accuracy using Kepler's Laws of

Orbital Motion.

(c) Optimal smoothing for optical measurements.

(d) Velocity and position sensitivities for certain reference

trajectories. No written reports are available on subjects (3) and

(4) at the present time. Rough block diagrams and graphs were used

to describe the s_jects. The above work represents some current

efforts of the ARC Guidance and Control Branch.

(e) The atmospheric entry navigation work reported was on a

system which is _mder study by the Flight and Systems Simulation

Branch. The work was done by R. Wingrove of ARC Flight and Systems

Simulation Branch.

b. Effect of lateral and longitudinal range capability on reentry

"Window" for lunar mission.-

Figulres 4 and 5 are presented to illustrate, for a target latitude

of 35 °, the allowable variations in the time of reentry and/or orienta-

tion of the orbital plane for various latitudes of vacuum perigee.

The following is a brief explanation of the geometry, methods, and

assumptions of a preliminary analysis of one of the problems of point

return from the lunea" mission.

The geometry and notation used are sho_n in fig%ire 4. This figure

represents the northern half of the celestial s_iere on which is super-

imposed the orbital plane. The vacutunperigee and the point of entry
are shown on the orbital plane. _ is the angle between the e_atorial

plane and the orbital plane. At values of _ less than the target

latitt_e, there are no points in common between the orbital plane and

the target latitude.

The target latitude represents the locus of positions of the target

during the course of a day. The position of the target can be defined

by the latitude of the target and the elapsed time since the target was

in the plane of the zero-right ascension. (The celestial sphere does

not rotate with the earth. A line from the center of the earth toward

the star Aries and the polar axis defines the plane of zero-right

ascension. )



The vacuumperigee and the orbital plane of the lunar return tra-
jectory are fixed relative to the celestial sphere and are indepc_ent
of time. The earth rotates, however, making the target's positio_
relative to the vaeulmlperigee and the orbital plane time-dependent.

It is ass_ed that the range capabilities of the vehicle can be
represented as a long, narrow rectangle of ±500-mile lateral range
and a longitudinal range starting at 2,000 miles from entry and exten-
ding to 5,000, 7,500, and i0,000 miles from entry. This is a conserva-
tive statement of the capabilities of an L/D = ±0._ vehicle if the
entry velocity is _6,000 ft/sec and if the vehicle is allowed to skip
to an altitude of not more than 400 miles. Further work is being done
to obtain an accurate bo_mdaryof range capabilities for a number of
values of L/D limits and values of entry velocity. Onefurther simpli-
fication was made; namely, that the earth does not rotate during the
period of the reentry. The effect of this simplification is to freeze
the relative positions of the target and the vacuumperigee. Removing
this simplification will warp the results presented here, but will not
seriously affect the conclusions. Entry time for a 5,000-mile range is
of the order of 15 minutes.

Still referring to figure 4, the intersection of the locus of
possible landing sites and the target latitude describes the possible
target positions at which a landing can be made. This variation of
possible target sites gives freedom in two dimensions: one is the
orientation of the orbital plane; and the other is an allowable error
in the time of return, since the location of the target along the target
latit_de is time-dependent.

The range of allowable orbital-plane-orientation angles and/or the
difference in the longitude of vacuumperigee and target can be computed
for various values of vacuumperigee latitudes. In figure 4 the differ-
ence in these longitudes is defined at Tt - T . This difference isP
positive whenthe target longitude is displaced, as shownrelative to
the perigee latitude, whenthe target is east of the vacuumperigee.

Since the earth rotates at a rate of 15° per hour, the angular
difference in longitude is expressed as an e_ivalent difference in
time in the rest of the analysis.

For the assumedtarget of 35° North Latitude, figure 5 shows the
allowable values of the orbital plane orientation and effective time
difference between the target and vacuumperigee that will permit the
vehicle to intersect the target. The centerline of the plot represents
the loc_s of these points for a vehicle with no lateral range capability.
The area between the curves shows the allowable values assuming a vehicle
with a lateral range of i_O0 miles. The hatched boundaries are the
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restrictions imposed by the available longitudinal range. Entry was

asmm_ed to occur on the orbital pl_e i0 ° before vacuum perigee is
_-O

reached. This corresponds to an entry an_]le of p .

One u>:a,iple i',_des,::_.'ibud. Assume that the vacutml perigee will be

a[: 20 ° North ' ",._,_]tt_.,.te Lind at a given tongit0de in the celestial sphere.
r i1 ._(.[n_ aetu,_l ..,a]ue el' i::.; lon_itude ha::; no bearing on the solution,

since a {'eN_at]ve tif]'ere:_ce in lonLyibudo <s detez_lined. ) Assume further

that q._e orbital plal_e -is o.riented at 40 <_ ii'_-omthe equatorial plane.

'3.ue,_t.ion: ' ' ',,<_,_will ]_e the allowalle error in time el' entry for a target

al, _,_o North -i.a_.titudeY ,r_swc;r: Ft'om figure 5(c), at e. _ of 40 ° and

look:in{: l'i_':;t,"_d:_;h,, onlitto_, _)t':m, La_teral ran_-<'a]?abilit.g, the
ccnt<:<Li_le (,i" the, ol,_i,. !},o '- .... ,.-.... .. [,a,.:, ,, ]o_!_q+,ude must b,. '7I ;:ol_'.'s J.l" advance

o! the vactmm-:)<:.':ge_= !,,_,_';t;>Ir_. :_.-z.se of the <:_,.,,'th's rotational

Y_tto o.i ±9 ])eL" bo, J_',. i0}i.l:; is eq_].v_t].eitt -to a displacement o_ the target

ion_i rude "_,''__ ._ th<. ,:::st. o1 [:,]-> w, cuum perigee longitude. The target

_,_ _:_.1.,_obe _'.7 hou,'; :,. r, Jwk_,.x_,., o-c 1(_0.9 :_urtnc2' be the east. Note
..... ._ _ .,z,.L i,]v: lateralth:_% the ,n,,'ves [LIX_ t.',./_': i 'ti %_[_! :% [_'I.'.[(_"_ OT[' 9ti bOt..]'<:. ,.7"._-.,

<_.ud b,OO()-mi?.e lo_<:iL,_,:l.i_al _'an_t<,:' capabi]it?/ d__:_,:r]b('ri p.:l'evic,]_s!?,,, %he
_zi]_o_,rab:ie target loL'gitud.e c_,._ be anywil, q'_ :.k'{_z (_. '. hour in _.d,.,ul_(:e o_

the w_cuum perigee to _)hours in adva],,z{:- %h_tt is, f'rom 12 ° to .{j.o

further eastward. If the lor,gitudi;_u i.ra_ _{_ is :Lnc'_.'es,sed to 7,50'9 miles

from entry, the tar,,,:c't pc-sition could !(.a,t the perigee by 8 hours, Or
I:-'0°__ fur%he:r to I:[;o t_- ',:.", A-t th,t _.,<,,:< t _mr_, the al:i owable orbital plane

orie_ruattom, i3, c_n ,'ary between l:[_its. If', at. entry, the target is

2 ho_trs in "advance of the vac_m_m perigee, then _ can have any value

from _0 ° to 54 ° . F_en the target longitude is west of the vacuum perigee

longitude at the time of entry, the orbital plane orientation must be

greater than 90o , as is indicated.

c. Abort-rocket requirements for escape tra0ectories.-

Failure of the propulsion system for the manned lunar mission at

velocities greater than satellite speed may leave the lunar vehicle on

a highly elliptical orbit with subsequent long exposure t_ne of the

crew to the rszliation belts. Direct retrothrust at escape velocity is

clearly expensive in te:_uns oJ rocket thrust as over i0,000 fps is

required to reduce the velocity to satellite speed. Consider instead

a direct return to earth by using the abort rockets in such a manner as

_o def'lect the trajectory into the earth's atmosphere. If the boost

trajectory is low, the abort-rocket requirements are considerably less

than those required for direct retrothrust; az_d reentry into the atmos-

pheve is similar to a notarial return fr@n the moon at escape speed along

the overshoot bo_mdary.

Figure 6 shows a typical tI_ee-stage boost trajectory which reaches

escape velocity at _O0,O00-foot altitude with a horizontal flight path.

Note that the altitude reached earlier in the trajectory is considerably

...... I|
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higher than the burnout altitude. This is characteristic of booster

systems which have a long burning time and results in a burnout point
at a low altitude from which a direct return can readily be made. An

abort rocket _V of the order of 4,000 fps applied in the direction

indicated on the figure is sufficient for reentry along the overshoot

boundary for a reentry vehicle of m/CDA = 5 and L/D = 0 and the

reentry is completed in a single pass.

Figures 7 to i0 show the effect of the reentry vehicle parameters

m/CDA and L/D as well as the effect of the rocket flight conditions

at burnout. The _V required is reduced if the vehicle has a high-

drag loading or uses negative lift, but the effect is small in compari-

son with the importance of keeping the altitude and the flight-path

angle low at burnout. For nominal reentry vehicle and a boost tra-

Jectorywith burnout at escape velocity with a zero flight-path angle,
the abort rocket AV required increases rapidly with burnout altitude

and is approximately 2,000 ft/sec at 300,000 feet, 4,000 ft/sec at

500,000 feet, 6,000 ft/sec at 900,000 feet, and 8,000 ft/sec at a burn-

out altitude of 1,500,000 feet. The penalty for a positive flight-path

angle at burnout is over 500 ft/sec per degree.

There is a lower limit to the altitude at burnout since drag effects

at escape speed may be significant if the boost trajectory traverses

lower altitudes. This has been found to be about 300,000 feet.

Figure 6 also shows an abort reentry at suborbital speeds; the

so-called maximum g abort. The critical area in the boost trajectory

tends to occur in the velocity range from 14,000 to 16,000 ft/sec where

the subsequent reentry decelerations are severe if uncorrected. The

optimum point for firing the abort rocket is not at the fail point but

just before reentry. For the example shown, a AV of 3,000 fps is
sufficient to reduce the reentry deceleration from 18g to 8g for a

reentry vehicle of L/D = 1/2. However, it has been found that the

maximum g abort-rocket requirements are usually within the capability

of the required AV for the escape-velocity point.

d. Atmospheric-entry navigation simulation.-

This report concerns systems to guide maneuverable vehicles to a

desired touchdown point through a planetary atmosphere without exceeding

arbitrary temperature and acceleration limits. The concept of using

perturbations about a fixed or stored trajectory has been considered in

many studies, figures ii through 14, for example. These studies have

shown that successful touchdown control with good precision can be

achieved if the actual initial conditions of the entry are sufficiently

near the stored values and if enough perturbation variables are used.

The fixed-trajectory method is inherently limited, however, to the
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conditions and situations stored in the system.

Guidance systems for advanced missions may have to cope with quite

wide variations in abort and entry conditions as well as nonstandard

and diff_i'ent atmospheres. This has stimulated interest in the possi-

bil_ties of more "m_iversal" conccl)ts that do not depend on stored

conditions but rathe±" continuously cc:_._t(: or predict the future tra-

ject_)ry from the present actual corLdq.:__io:m. In addition to greater

geli_-_'_lity_ a continuous pred:i.ction co_cept might possess advantages in

,h_,,'i.,ingand displaying hazardous l:"light,r_g_rLes and in computin E the

to_al m_euvering capability to enable th(: controller to decide upon

alternate flight paths or desti_at[ons more easily.

From experience with fire-control s_stems, it i_ i_'_'e_credthat one

of the major problems in a COIiCi_IuOLIS prediction ;__ystem will be the

t'ozml of the equations used as a basis for the prediction computer. A

satisfactory compromise must achieved between the conflicting require-

merits _for a reasonable _uou_t of computing e_uipmemt_ accuracy, ._peed,

and realisbic input info_r_ation. To gain insight into these questions,

a research progr_ has been conducted with three _joals: (I) _o de_,_elop

a continuous trajectory prediction technique; (2) to develop a die,play

and control system to use the infoz_ation generated; a_d (5) by means

of an analog simulation to see how a pilot or automatic control might

be _sed to close the co_trol loop.

For clarity, a brief description of the final system concept is

presented prior to the general discussion of the prediction equations,

the display and control system, and the simulation results.

Figure ii is a block diagram of a guidance and control loop using

the concepts studied in this report. An inertial platfoz_ and navi-

gation computer continuously measures and computes the present flight

conditions and destination information to feed to the prediction

computer. The prediction c_puter continuously computes the max_num

maneuver capability with respect to the destination (or destinations),

and feeds this information to an automatic control system _%d a pilot's

display. Either the automati<' control system or the pilot, through an

override, controls the vehicle to acquire and keep the destination in

the center of the m_xim_un maneuver-capability envelope.

The elements considered in this report are the prediction computer

and display. The Ikmction of the prediction computer is illustrated

by figure 12. A typical reentry phase is used for convenience. From

the pre.';ent vehicle condition, trajectories are coml_tted for three

constant trim values: maximum, miniraum downrange, and maxim_u_ cross-

range which are used to define a "footprint" showing maxim_un maneuver

capability. The important point is that the differential equations

of motion for the trajectories are solved by a "fast" computation in
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the airborne computer so that repetitive solutions are made continuously

for the changing flight conditions.

The desired destination is also referred to in figure 12. This

information is located with respect to a nondimensionalized maximum

maneuver boundary and presented to the pilot by the display shown in

figure 13. Thus, the pilot, by noting the destination with respect

to his maneuver capability, can make a choice of control inputs.

Limits may be imposed on the maneuver capability of a particular

vehicle in the form of acceleration or heating boundaries or in the

form of conditions where the vehicle will "skip" out of the atmosphere

in an undesired manner. With the repeated prediction of total tra-

jectories by fast computation if any of these limits are encountered,

this can be indicated on the display as in figure 13 or fed to the

automatic control system.

A guidance system for maneuvering vehicles within a planetary

atmosphere has been developed using the concept of fast, continuous

prediction of the maximum maneuver capability from present conditions

rather than a fixed-trajectory technique. A method of display and

control was developed which compares desired touchdown points with

the maximum maneuver capability and heating or acceleration limits,

so that a proper decision and choice of control inputs can be made.

A piloted analog simulation was used to demonstrate the feasibility

of the concept and study its application to control of lunar-mission

reentries and recoveries from aborts. A repetitive solution time of

5 seconds was adequate for reentries from satellite speeds where condi-

tions were not changing rapidly, but for lunar missions a faster solution

time will be necessary. The regions of entry conditions leading to

control-sensitivity problems were defined. The simulation was also used

to define the gro_d areas that would be attainable during typical

entries using this method of guidance control for a vehicle with moderate

lifting capability (L/D = 0. 5 - fig. 14).

Marshall Space Fli_ht Center (MSFC).- Due to the strong interrela-

tionship of trajectory analysis with such areas as vehicle control, path

guidance, structural and heating constraints, pilot-abort re_lirements_

launch restrictions, and mission re_lirements, the approach at MSFC to

the trajectory problem is a procedure of continuously increasing inte-

gration of the requirements into the flight profile, to arrive finally

at optim_u_ solutions.

The following list of fields of activities points out this endeavor.

A full integration, however, is not possible, since some essential fac-

tors have not been defined (e.g., reentry body).
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a. Flight anall_s is. -

For the Saturn C-I, as well as the C-2, continuous trajectory anal-

ysis is going on, incorporating the latest information. All studies

are made by means of calculus-of-variation methods. Profiles are

established for:

(i) Circular-orbit missions (C-l and C-2)

(2) L/_Tar missions (C-I and C-2)

(3) Reentry Zest missions (C--I)

(If) Block i and Block II missions (C-l)

The following variations are studied where applicable:

(i) Va_'iations of injection altitude

(2) Variation_ of minimum altitude during high-velocity history

(for heating)

(3) Variations of injection-p_t_h angle (for lunar missions in view

of abort studies)

Three-s_age flights, as well as four-stage flights, are being

studied. For all missions, the best ratio of propellant loading is

being investigated. Special consideration is given: (i) to the

vehicle-control limitation during first-stage flight, (2) to the

separation problem at the end of first-stage flights, and (3) to the

engine-out situation in the first-stage flight. Also, viewpoints of

flight interruption by circular-parking orbits are investigated, for

achieving simultaneous optimization of azimuth and pitch of injection-

velocity vector. Studies are made toward optimum operational schemes

and associated propellant requirement for _orts from the powered

phases leading toward circular orbits (C-I) and lunar flights (C-2).

Trajectories _th various end conditions as to path angle and a!titl_e

are investigated for the lunar mission. Data related to these studies

are available and a related p_lication is in preparation. For the

early reentry test flights (SA-7, SA-8, SA-9, and SA-IO) the analysis

covers investigations of best flights to different reentry point ranges.

The loss of paylo_1 with increasin_ range has been established. (A

report is in preparation.)

Circmnhmar flights have been established on two celestial models:

(i) On the Jacobian restricted three-body model, the characteris-

tics of coplanar flights have been studied, especially to establish

mmI
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the sensitivity of retu_m conditions to injection variations. This m_el

also has been used to study the efficiency of corrections during any ti_

in flight for corrections of return conditions. Also, the effect of

uncertainties of the astronomical constants on the return accuracy was

investigated. An estimate of total propellant requirements for midcourse

corrections to deal with injection errors and the astronomical uncertain-

ties was reached. (Report No. M_N-M-AERO-3-60 ).

(2) On the true ephemeris model for a particular launch time,

(early 1964), a specific three-dimensional circumlunar trajectory has

been established, taking into account the geography of launchings from

the Atlantic Missile Range and of return between the Atlantic Missile

Range and Ascension Island. Influence factors for injection errors and

a possible correction scheme has been discussed. (Report is in prepa-

ration.)

An investigation has been started of possible schemes and associated

propellant requirements for immediate return at any point on the circum-

lunar flight.

In connection with the planned_ unmanned landings on the lunar sur-

face, as being prepared by Jet Propulsion Laboratory (JPL) powered

ascending trajectories and also free-flight trajectories have been

established for a particular time of the mission. Coefficients of

sensitivity have been established. Landing schemes for u_aanned flights

have been proposed. (Report will be submitted to NASA Headquarters in

the spring of 1961, combining MSFC and JPL activities.)

A comprehensive analysis of atmospheric reentry flights for initial

velocities appropriate for return from circuml_u_ar flights had been

followed through. Body characteristics were covered from

W/CDA = 50 ib/sq ft to 500 ib/sq ft, with maximum L/D of O. 5. Constant

lift, as well as lift modulation_ was applied. For maximum deceleration

limits and skip limitation, the tolerance of reentry angles was estab-

lished in reference to a reentry-point altitude. Range variations

achievable by maximum lift variations in the limits of specified decel-

eration and skipping altitudes were established for each reentry angle.

Also, the exchange of cross-range corrections against longitudinal

corrections was numerically studied. The area of landing points, common

to all reentry trajectories of varied reentry angles, reflects back to

an allowable :_pread of reentry points in longitude and latitude asso-
ciated to the full reentry angle regime (3o). Widening out the geo-

graphical area of the reentry point requires a narrowing of allowable

reentry angles. The consideration of' their mutual relationships leads

to the definition of the "reentry manifold," a surface in the parameters

of position vector, _elocity vector and time. This manifold is then the

reentry criterion (or retllrn window) that governs the midc_trse guidance



roGUe, as disc_ssed in the fo].]owin(z chapter <_der guidance.

(RepOrt, No. M]VN-M-A3E]R0-k-60).

The layout of the powered phase of the reentry test flights has

b,,en arra_l",ed to end in injecbiorL cor, d-i%:Lons that are identical to

[,_,_. yeont:t ,_, <<,_,_<tTt T.()_,:V: o:[' ].un_r .ii.i.gbt;s. T_:).d.in_ .T)O.Lr_o_-"_ can be pro-

, [,to, _ :L_ _ _'c_gt!_e l,,]mt <'c,!]ta.:;]_r /"cr't::",:,n .Is\and. (1]eporb ::; -].:r, p:rep-

htr,vl. T,,_lt. )

\_ .i! ,!s,',.'.' _[OJ.c ;_.1_i r_VSb©L'L s_..l.ld.:r :;.-

:E;_ ':Los< ,'onoecbio]_ w:]tk [g:,_ ;_:k: -ctor?r _nalysJs; a nk:mber of guid-

l]_t_;, !'_[ !::]]t. ',:ince ;/!-i ],:v.]-;r!,:', {._::.ro'J. op]]l(,_l_t qpesl;JOlL_: s,:Yo :qo{; l.,i!_

_,i';_,,,_"y concerto of B}C:_: L,l.a:l.soJ. _:ro,{p, }_e list im !_.,<, i'o%].o:;in 6 or_ll

{,!!,_::_:: _':%L_[io_; 8h;%t ai_,., t<)w_'_,l.'d [f:o ,." :tsZq.is])ment o£" a ............. t_r_orv

,=. :, ':r',tL;{i,m(;e mod,_. ' Two apl)_'oa,_ho:; a:_'e going pa_'r:l:,::i iu some Cl:!_E:ht

.... tl)e'::<'S :U;!o J_i-cs_] ;: ,_ '_ri(_]l i_: "_ ,::]]d_!ct%'o' %c) w{_ ''_ ,_':t s, c<.<_::p.;', _,.', ,_:.V<

;,,,gL,k _J,_< , :)%imizs,1;iL)i_ :<'<_{i_:Jl'e]llc_iL _'_rO){:,;, _ :i.n .:[,, _.;j_L'_'< %L:- 0':}' i;:.[:"" ,:

!.'tUlcbion cal_ be ,',:.p ,.:i_i.o,i_ as e.g. ; f;,'o.peli_nt cor_s[_ml__t:Lo_ . , :_,_ : : ,:_J.

approach is ];_ying empha',_i.s on simt_Y!ic:.ty. Systems o:it' hi,. _. sec':,_< ':,:Toe

ina_2 -be l_hol.lght o:f' o,_: ._c._zll:: _;;ed as s_:,, .:,_i,iary o!" {:::Icr{::_s]lcj)." s yst<._s >:

they may be progr_K,,L in ea:rly :_'l'./ht:: in <'ase the more comprehehsis:

system i::" not yet, av_dksble.

The length of the powered flights of the Saturn vehicle (in time

or in range) and the magnitude of expected variations due to engine-

out situations in first-stage have as yet frustrated all efforts to

develop guidance modes that are (a) simple in the sense that flight

constraints can fo_mmlate before fl:i.ght -to which the vehicle is to

be path controlled, and (b) not using sm excessive amount of reserve

propellants. Therefore, studies here are proceeding toward the

develol_ent o[' a novel g_,]a_ce mode, the so-called "A_.aptive Cu'_ance

Mode," that incorporates as an esse]rtial feature the c_'_pabili'<.7 oi th_

system to choose a-t any insto, nt of i'7.ir_ht -the most eeonGm<cal pa: .

towa_'d the :injection m_m_i:[bi,T. The m<:_,theiuat:i_cal tools used for deriving

the guidance eq<_abions are identically those nee,le,i in traje<'[:o:b _

an,'__lysis, e.g., the methods of calc_l_us o:['variagions. Here it becomes

necessary to merge the fields of tr_<]{.'ctor:F analysis_ and guilds.nee

theory.

The application or the Adaptive Guidance Mode to-the powered ph.ase

has some implication's as to the r:_LLd:_,;_cemode to be _sed in :!'o]lowing

pho, ses. _;ince the adaptive mode J:: cmclowed with the imbellisor_cc -to

choose the point of the injection m<uS:E'o].d that rcs_d_ts in ].ea_:t

prope\l.%ut ..'ons-m@tion_ it does nob a_l]l.ere to a so-called nom:h::<i ::._th_

in prop<_ll{x[_ a'._well as free flight, ]_ut one that insures acqb'is_tion
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of final desired conditions, e.g., the return manifold in circumlunar

flight. This feature requires, consequently, from the guidance scheme

that is governing the midcourse phase_ that it recognize correct or

incorrect flight conditions in the light of the acquisition of the end

manifold. Only if this is done is the optimum propellant utilization

realized. Thus, it follows that also the midcourse guidance mode is

to be of the type of "adaptive guidance." This follows then in a

restricted sense also for the terminal phase_ the atmos_ieric reentry

flight. However, here the optimizing function is not concerned with

propellant consumption, but other forms of energy management, e.g.,
maximum level of deceleration.

The develolmnent status of the adaptive guidance mode for application

to the Apollo flights is shortly given in the following:

(i) For the reentry test flights the injection manifold has been

formulated in mathematical terms and is being used in the steering

equation of the powered flight.

(2) Steering equations are being developed for the upper stages of

the Saturn flight in a form that can be handled by an onboard digital

computer.

(3) The equations for computing the families of optimized reentry

flights have been established and are being coded on the IBM-7090 com-

puter.

(4) For the circumlunar.flights, the relationships between the end

manifold (return conditions) and manifolds representing allowable flight

conditions at any time from injection to return are being established

by means of the general perturbation methods of astronomy.

Means of hardware arrangements to implement the adaptive guidance

mode could be inertial guidance components in powered ascent and reentry

flight, and inertial components in conjunction with tracking and command

guidance in midcourse flight.

Secondary systems and other problems related to the guidance studies

are summarized below:

(i) Concerning the powered phase, simple modes have been developed

for pilot abort from flight.

(2) The effect of errors of inertial components of the presently

envisioned inertial guidance system on the accuracy of injection condi-

tions is being studied.



(_) Vol' m_dcour_'e ?light, a linear correction scheme has been

studied that _'o:Lmmlates a requirement for velocity corrections at ].:i_,-'_r

f_mction o? position and velociby deviations at fixed time points. Total

impulse requirement for corrections of specified injeebion deviation'c

wa_< {_u'iv,,l from it.

{ I, ) q\,, ,_ :_.c_:_Ir'o.<:y',t'!_os:il:,io_:a_:] v,:"!c,,:ity de te_lination d<!:ring mid-

!_,,.: ' i,raekin_ (varioHs ,w,m])Sna, t;_ons of ralqge, r:_:r:e .:ate,C(_l _]'/,L'.. ',--, , _>_ .....

"tl <l ,o,, .... ):J.,' _)l_ a_; ] Ye_llCl]bb " ) are t)eLi 1]l :; [,<,:1. e<i aT]d ev_.]_tl;J.t(.:::], gLs %0 -;,;he

. . '"_ ',_r p:e l," r.i ._l.. a(q_li;"eia,: '_;",,'.. _tl, wlllch I;]le ,'(.:cnt'ry ]_<)_nt _t,:_nbe .._t} ...........

]<< _1(:'Xll;' ' '_' ' _ ""(_ 'L i.(.',C.

(<) ".:,_' _:b, a_m,.-s]ghe:.'2c-]';'eufl,':, a path-control mc,d_ :[u p!.a_<.

_'} ) , .O!' ,, i "}it ; _' _,I: ;',_,il<_].('!. [:]]_.,.i .'<)[ii.,I':2].[3 one space-f] ,., :_ ,::!._on,:n-t o!

•i_("Y_.f_lq v >..:"'. • .d t]r_S}:_ '_P:i ' .fl, o, .i!:_: history 8ccoY_t _:t] _:_* .!- _,1%..:-_eg

-:>yo_:i.._.m. ),,_.. . .: (_]q::.. f'Y .,r ii),. -, ,' ,.. ",qTr_ are coni:.ro].].eJ, cbb -l,=_, ]/!;'.]'z H10'L.['-)

:)[' 'c,[Lt_ _':':_,_. b{_,i .,. ,::r,..o[_<:i:'[c, va.<':a(,].o_s Of winrl aY]q. ,:_ nL ! ....:... .::.<:'] _,

.. ,, ,,. .,,._. _ .<:<,. .re ]:1}_t ,_._'[_,L:[,LxtK4 _tt'_; ,':_!! m,.[_.ed c)_t:, be, _ " :.] '., :_

t/ ' ' _" , ] V _ !1_1 _ i., ' L ':] ....

[1_::_' [, 4: t" i 'O1"', : .

(6) An emergency system for sa:J'e £'<t.,:_,:tc_ J :-: io<::._Lt_ sL:_riied, t..hu.t :'_

based oP. altitw]e aT,.,] ,_.Lti.t:.udc ±'ate m<_,:',_:rcmlents _Jl. h'._:il a]_t_ tL:'.dc<

(above !.he eond_itLon, _:- _I' b].acko_H J':-,,m .... _ " ' "' . :LOnLLZS. B:I 011 # "X;'3C]. _1] ] ].:[ZO_3 :i ]2] _t,':,q_'

alti.L_d_c,r, mca<;'-,]r,_-menl,',; _:I' ax:iat. CC)]]l]O,.b[le]:!(; Of c]eco[]eT'[_.[i_OTl. TIlE _ ,',:::_':]! <

are ver b ?romisin_.

Lsmgley Research Center (LRC).- The follow_ng notes give the status

of studies at .[_{C which relate to Apollo, as of mid-December 1960.

An analysis has been performed and a report is being written on

the effect of dynemJcal and geometrical con._traints on lunar trajec-tories.

The analysis con:_iqers direct ascent: coasting orbit and parking-orbit

launch pro,_'c&Tres. Restriction on In.lEith-title frequency, <[_.-_i!y [_:,_m,.'.h-

time int,er,:ai, lunar position and angle betw<_en thu e'zrth-moon :,,_,_,:'_.rth-

vehicle t)]anes are calculated for each launch proccd.u-re and .!:'o:r i.}:, :o_-

straint*, cons;<lered, The con_:traints renault ['rein <:onsiderat:.o_; ....

.:_'[_ safeC,/ nequirement_ guidance arid n::<v:Lgation, a_d :rad:iatio_ :[o_:.,,.1_:

resuLt:ing from the Van Allen belt.

A paper presenting some results o[' preliminary trajectory steadies

which are _{eful in the design of nominal trajectoric,_ for the cLrc'_mP

]_treat m]:_:'ion is nearing, completion. Part of the paper describes the

results of a t)ara_netr:i.c study del'in:in_: characteristics o[' trajccL;o_'ies

which c:i:rc_m_avigate the moon and ret,_rn to the atmosphere of bhe ea.:rtl'_

with ree[_try conditions suitable for manned missions. Injection a_v',

midco_rr',e gui_lance studies include an r,rror analysis and calcu:Iations

o[' the e!'f'ects of guidance corrections at various points throug]_o_: two
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nominal trajectories. Some considerations are given to the effect of

the return point at tile surface of the earth on tile design of circum-

lunar trajectories. (Prepl'Lnts of a paper For presentation at the

January 1961 Inst. of Ae_.o. Sci. meeting were I_de available to group

members at the meeting. )

Calculations (machine and analytic) are tmderway for the L/D range

0 to i, W/CDA range of 25 to 400 psf, and for a load _u_it of lOg.

A mode of operation receiving close attention is a constant coefficient

pullup from escape speed, Followed by a constant altitude slowup and a

constant attitude slowup and a constant coefficient glide. Other modes

being considered are a constant aerodynamic landing mode, the return

parking-orbit mode (Pritchard) and a skipping mode [u'ider the radiation

belts. The accessible landing area Tot vehicles in the parameter range

under study is being evaluated. It is hoped to define simple modes of

operation for attaining the points of the accessible landing area. For

all the trajectories under study, the usual quantities (times, aerodyna_nic

loads, heating rates, heating loads; Reynolds n_mber, lateral and longi-

tudinal ranges) are being evaluated.

A study is being made of the energy requi_'ements for a turnaround

performed at various stages of representative circcmllunar missions.

Reentry angle and velocity and landing point on the earth will be

found as a function of velocity increments, the results being presented

in a form which allows tradeoff studies to be made. The program is also

adaptable to __timization studies of midcourse guidance, where the object

is to land in a designated area, not simply to return to the earth.

Equations based on the restricted three-b_xly problem of' celestial

mechanics a,./lspherical trigonometry relationships have been assembled

for computation on the IBM-7090 digital computer. Machine calculations

will be initiated in the next few weeks.

A study is being made of a range-controlled return of a nonlifting

satellite with minimmn thrust reqLtirements. The system considers in

the most general case the return of a satellite from an inclined

circular orbit _o a precise target with minim_uu energy expenditure. A

rotating earth is considered and the target need not lie in the plane

of the orbit. Instantaneous application of retrothrust and an ellipti _

cal trajectory from orbital eondition_ to reentry conditions are ass_ed.

The case of a polar orbit is considered in detail for several orbital

altitudes of 300 to 600 statute miles. Minim[un mass fraction, reentry

deceleration forces, time of flight, and retrothrust orientation will

be determined as functions of target position and longitudinal and lat-

eral range. Coraputations have been comp-J_eted for several orbital

altitudes and results are being analyzed.

, rlfill



Analytical studies are completed for entry from orbital velocities

using altitude control to a reference trajectory and lateral control

as a function of heading error. Accurate control is possible to about

85 percent of range capabilities of vehicle.

An analytical study has been completed of range control using a

linearized predicti_ tec_mi_le. A report is in preparation. This

method appears promising and will be e_:tended to include lateral

eontrol and entry fr_n parabolic velocity.

The study of guidance of a space vehicle approaching a planet along

an entrance corridor reported in NASA TN D-191 is being extended to

include use of de_i band in guidance logic to reduce corrective velocity

required. Results indicate that dead band reduces accuracy with little_

if any_ savings in fuel. The results will be discussed in a paper for

the _erican _stronautical Society in Dallas, Texas on January 17, 1961.

Further plan_ include study of the effect of instrument accuracies.

A report is in pre_?aration containing analytical studies of penalties

associated with s_mpli_'_ied teclmiques for lunar' soft landing and return

to orbiting vehicle.

Various projectio_ techniques are being studied using a 55-foot

diameter infla-_abie radome as a screen. Simulation of lunar background

during iuna:r circ_ur_,v _ation is plam_ed.

Calculations are being made of the times of New Moon_ First Quarter_

Full Moon, and _ast Quarter and of the time history of the moon's

declination for the period from 1961 to 1971. The results are being

assembled in a fondu which will indicate periods in which the declination

is favorable for launching vehicles to arrive at the moon when its

surface is under a specified lighting condition. While the results will

not provide sufficiently detailed info_uation on the moon's position

for trajectory design purposes, they will provide a time basis for

interpolating in tables o:f'the moon's coordinates to obtain such infor-
mation.

Jet Proo_]._',ion l,aboratoL_y (JPL).-

Tra'ectgr/_analysis -a. _ ......

Actiwities at the Jet Propulsion Laboratory relating to Apollo. can

be divided _nto two parts_ past and current. This note will serve to

su_mlar_ze these activities.

_ -..... _-Z TIT
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b. Past activities.-

In executing the Ranger lunar hard-landing, the Mariner interplane-

tary, and the Surveyor llmar soft-landing programs, JPL has performed,

or evaluated, detailed design and analyses of lunar and interplanetary

trajectories and midcourse guidance. For the l_ar missions, the bulk

of the analyses have been concelmed with Earth-to-Moon flight only. A

very minute amourlt of time has been devoted to circumlunar studies,

reentry, or emergency turnaroumd characteristics of lunar trajectories.

Detailed la_mch-to-lunar impact trajectory design and analyses have

been accomplished for the Ranger program. As a result of this_ the

characteristics of lunar-impacting trajectories are well understood at

JPL and trajectory design for this type of' mission is routine. Reports

on results of JPL studies appear bimonthly in the JPL Space Programs

Summaries and Research Summaries. In addition, JPL Technical Reports

(references I, 2, and _) treat trajectory and launch-time problems. The

characteristics of the outbound leg of a circt_mlu_ar trajectory will

most likely closely resemble those of a lunar-impacting trajectory.

Thus, techniques developed at JPL may well be useful for the Apollo

eirctm_unar trajectory problem.

In the area of midcourse guidance for l_ar impacting and inter-

planetary missions, a significant amount of design and analysis has

been accomplished at JPL. The guidance method employed by JPL for

Ranger and Mariner missions involves performing the midcourse maneuvers

by radio command from the Goldstone Deep Space Instr_nentation Facility

(DSIF). The procedure is roughly as follows: Tracking information

from the Goldstone, Woomera, and South Africa DSIF stations is trans-

mitted to the JPL computing center in Pasadena, Calif. There, the

spacecraft orbit is determined from the data and the correcting midcourse

maneuver is computed. The correction is relayed to Goldstone, which in

turn, sends the command to the spacecraft. Inherent in this procedure

are the analytical computations which must be carried out at the JPL

computing center. The basis for these computations has been doc_nented

in references 4, 5_ 6, and 7.

In the area of trajectory computation, a highly advanced c_llputer

program is currently in use at JPL. For lunar trajectories, the effects

of the Earth, Moon, Sun, Jupiter, Earth's oblateness, lunar triaxial

potential, solar radiation pressure, precession and nutation effects of

the equinoxes, etc., are included. In addition to evaluating the

position velocity coordinates of the probe, a large number of quantities

are computed for engineering design use. The positions of the celestial

bodies are obtained from tape-stored ephemeris tables. The method of

integration is optionally Cowell or Encke. This program is used opera-

tionally in the orbit-determi_ation and midcourse-guidanee computations.

t_ P



22 I'-- .. ,L:.-

c. Current activities.-

Currently, trajectory analysis at JPL consists of continuation of

design for the Mariner missions and precision computation of the Ranger

l_u_ar-impacting standard trajectories. Beginning January 2_ 1961, the

Space Technology L_ooratories (STL) started work on a Space Systems

Amalys:i_ Study Contract which includes a thorough treatment and analysis

oC circ_mul_mar trajectories and Moon-to-Earth trajectories. This con-

tract is funded to support 2 to 5 trajec,_ory analysts for the calendar

year 1961 on these problems. The results of the STL studies will be

made readily available to the Apollo progr_b if desired.

In the area oI" trajectory computation, a computational procedure

called the "Method o:f Contiguou:_. Conics;" is being developed to replace

the Cowell and ELcke methods. The Contiguo¢_s Conics method is basically

an e):tension of the Varicentrie method developed by Mi_er and Sperling

oF M,:i,'C.

Although ilL-tie ,-mualysis has been done on earth reentry at JPL_

a significant efi'or-t is currently underway on planetary entry and -te_ina!

guids_ce for the Mariner interplanetary pro_ram. The results of these

studies may be useful in the Apollo program.

l"li_ht Research Center (FRC).- FRC is doing no work which relates

directly to Apollo. These notes report studies which may be of interest

to the group.

a. launch. -

An exploratory investigation is being performed to determine the

practicality of air-launching manned vehicles into orbital flight.

Although this investigation has been primarily directed to vehicles

of the class of DS-! (lO,O00-1b weight), the possible use of orbital

rendezvous may make it of interest to the Apollo Project (particularly

if" the Apollo vehicle consisted of several D,000-1b elements).

Examples of some results of-the investigation are:

(i) A two-stage vehicle weighing 200,000 pounds and having an

initial thrust-to-weight ratio of 1.5 could orbit i0,000 pounds from

a B-52 launch if the vacuum specific impulse of both stages was about

_40 seconds.

(2) Use of a B-70 reduces the re_ired specific impulse for the

above conditions to about 310 seconds or, with a vacu_m_ specific impulse

of 340 seconds, permits orbiting about 13,500 pounds.
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(3) If the payload were reduced to about 6,500 pounds, the B-52

could place it in orbit with a two-stage vehicle having a vacuum specific

impulse of 310 seconds _d weighing about 200,000 pounds.

(4) Storable propellants are probably a necessity, to avoid the

topoff problem, although high-energy cryogenic propellants might be

considered for the upper stage.

b. Landing.-

(I) X-!_ landings.- Results of the first 31 X-15 airplane-approach-
and-flare maneuvers have afforded a relatively good cross-section of

landing conditions that should be experienced with vehicles of this

type. Performance data have shown that the peak lift-drag ratio of the

X-15 at approach and landing speeds can vary between 3.5 and 4.5,

depending on configuration. These values are somewhat higher than pre-
dicted on the basis of wind-tunnel tests. The wing loading is about

65 to 70 pounds per square foot.

Flight data in the approach pattern illustrate the tremendous leeway

the pilot has in positioning the airplane for the flare. In perfoluuing

overhead patterns, the use of speed-brake modulation and maneuvering

flight allows the pilot to reduce possible altitude variations of over

±8,000 feet on the downwind leg of the pattern to touchdown dispersions

of the order of ±i,000 feet.

Most problems encountered in landing the X-15 were experienced during

the flare, primarily because of the severe limitations placed on touch-

down angle of attack. The average flare commences at an altitude of

about 800 feet and a speed of 300 KIAS. When the flare is essentially

completed, the flaps and gear are extended. Touchdown is then accom-

plished at about 185 KIAS with an angle of attack of approximately

7° and a rate of sink of about 4 fps.

All the extensive preflight predictions have essentially been

verified in flight. An F-I04 which has been modified to simulate the

X-15 is proving invaluable in pilot training for X-15 landings.

(2) DS-I landin_ simulation.- Because of the gratifying results

obtained with the F-IO4A in simulating in flight the X-15 landing, a

similar program is now underway for the DS-I. An F5 D airplane will be

used for these tests because it closely approximates the DS lift-drag-

ratio characteristics and wing loading. The pattern and the flare will

be examined. Because the DS-I will, on occasion, perform the approach

through cloud cover, the landing-aid requirements will be studied.

Patterns will be flown with and without guidance to aid in estab-

lishing optimum pattern geometry. Consideration will be given to
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ai_-plane visibility eYi'ects on the pilot's ability to perform the pattern

approach.

In the flare an attempt will be made to establish the values of the

various flaT'e-control 1_rameters as well as touchdown conditions,

including touchdown dispersions.

(3) I_ndJ.n_ of a !enticular vei_icle.- The landing characteristics

of a vehicle of circular plan fo_r_ having a lenticular cross-section are

being investigated. The analytical investigation of a vehicle having

a _ing loading of 38 pounds per square foot indicates that the pilot

should have no trouble executing a normal approach and flare for a

touchdo_ at little or no vertical velocity. An investigation is in

progress oi" the possibility oi' simulating the landing of the lenticular

vehicle _ith a current fighter.

c. Abort. -

DS-! abort and escape.- The primary escape mode provided the

Dyna-Soar pilot consists of glider-abort separation from the boosters.

A subsonic ejection seat is provided for _i'1ot escape from the glider

in instances when a satisfactory landing site cannot be reached or when

other conditions msd_e an attempted glider landing imloractica!.

Glider abort can be initiated from the launch pad or at any time

up to second-stage booster separation by the pilot or by automatic

sensing devices. After second-stage burnout, all escape implementation

is the sole responsibility of the pilot.

In the event of fire or explosion among the booster or pad installa-

tions after the pilot has boarded the glider, or of flight malfunction

dictating a need for immediately separating the manned glider from the

booster, the pilot can initiate ignition of the glider separation rocket.

If this abort action is t_en from rest on the pad, the glider will be

maneuvered to make a west-to-east approach and landing on the

Cape Canaveral skid strip. If the abort occurs after lift-off, the

pilot will guide the glider to an optim_un landing site chosen on the

basis of velocity, altitude, and position at termination of the separar

tion rocket thrust. A study of the re_ired down-range landing sites

is currently undez_ay. Any emergency landings will be made at down-

range fields existing primarily for normal logistics traffic. The

Flight Test Control Center and its down-range extensions (Station

Monitors and Landing Controllers) will advise the pilot in the selection

of the emergency landing site and will furnish steering direction as

requested by the pilot.

A brief, analytical investigation has been made at FRC of the

practicability of executing the off-the-pad maneuver using the planned
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abort rocket. In addition_ the pilot's ability to recover the vehicle

following boost-off was evaluated with an F-IO0 airplane simulatin_ the

flight conditions for the escape.

The escape rocket was ass_ned to place the vehicle in vertical

flight at an altitude of 2,700 feet and a speed of 1,050 fps (620 knots).

Following a pitch-roll maneuver to attain level flight, the vehicle was

then glided to a nearby emergency landing strip. The results of the

investigation indicate that the recovery as propose_ is within she

capabilities of both the pilot and the vehicle. Because of altitude

restrictions, it was not feasible, with the F-100, to simulate com-

pletely the glide and landing phases of the recovery. It is planned to

continue this investigation with a more suitable airplane arid to extend

the analytic investigation to lower altitudes and lift-drag ratios.

Lewis Research Center (LeRC).-

a. Lunar trajectory study.-

The objective is to obtain sufficient data on trajectories to

permit the carrying out of manned-lunar-mission analyses, with realistic

consideration of launch times and dates, selection of favorable la_]ch

sites_ comparison of direct versus orbital departure, etc.

The purpose of this study is to analyze three-dimensional, simpli-

fied two-body coast trajectories between the earth and the moon, with

some consideration of the interactions with earth and lunar takeoffs,

and to calculate relat2onships between AV requirements, flight time,

location of launch site, etc.

Curves have been drawn of the various angular relationships, flight

time_ burnout velocity at start of trajectory, typical AV to deceler-

ate at the moon, and so forth, as functions of burnout longitude and

latitude and position of the moon. The above-described data are being

incorporated in n. NASA Technical Note, now in the editorial process.

b. N-Body trajectory program.-

The objective is to provide a general, precise, rapid, and flexible

machine program for the solution of trajectory problems related to

various space _missions. The program shall be capable of solving such

problems as: boost from a planet surface, precise l_ar trajectories_

including effects of earth oblateness ar_ solar and lunar perturbations_

and interplanetary trajectories including the perturbations of the

various planets in the solar system.



A general FORTRANcoded-machineprogram for the precise solution
of the N-Body problem of space mechanics has been developed. The
equations of motion are written to include: (i) no more than 8 celes-
tial bodies, (2) the effects of oblateness and atmospheric forces from
the celestial body currently serving as the coordinate origin, and
(3) propulsive forces.

Major feattu'es of the _'.xisting pro_]_±"amare :

(I) A fourth-order R_mge-Kutta in tesration process with automatic
step-_/ize control and double-precision accumulation of the variables of
_ntegration.

(2) A choic<_ of' integratio_ in either of two coordinate systems
is provided. _7_e_c_Jre: eouic section orbit elements and Cartesian
c_)ordir_%tes(Cowell's meiJ]/_d.), if the former method is chosen, provi-
s:ion is _m_deto<" auto_P_t,(_ _ompo_'aryconversion to Cowell's method to
_vo:id d:iI_r:icl_Ities which occ_z-wheneccentricity is very close to zero
or _:i ty, or when the vehJcAe is close to the asymptote of a hyperbolic

(3) Precise planetary position and velocity data are obtained
from fifth-o_er polynomial flits of ephemerides. The coefficients of
the polynomials are simultaneously fitted to both position and velocity
at three dates. The dates are selected such that the greatest time
interval, consistent with seven-digit-position accuracy and six-digit-
velocity accuracy_ is available.

(4) For exploratory work not requiring great precision, approxi-
mate ephemerides can be obtained by a built-in iterative solution of
Kepler's equation with assigned planetary orbit elements.

(_) Automatic transfer of the origin of coordinates is provided
to permit the largest integration intervals consistent with the desired
precision.

The program has been used to provide checks on various lunar and
interplanetary trajectories obtained by more approximte techniques.

c. Boost trajectories.-

A set of working charts relating the optimum-stage propellant-

fractions for two- and three-stage rocket vehicles for launching payloads
into nominal low-altitude circular orbits about the earth has been

developed. The charts contain data for various combinations of stages

using RP-Lox and H2-Lox-propellant combinations. These specific results

can be extended easily with little error to other propellant combinations.
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Together with stage-structural and propulsion-system weights, the charts
are useful for preliminary design optimization of boost vehicles.

Twodifferent computer programs were used to calculate the data
for the charts. First-stage trajectories are gravity turns and were
numerically integrated and include the effects of aerodynamic drag and
the variation of engine thrust with altitude. Second- and third-stage
trajectories were calculated using approximate closed form solutions of
the calculus-of-variations trajectories (i.e. "linear-tangent" thrust
attitude). This second program contains an iteration schemewhich
permits the determination of the top-stage propellant fraction for
specified terminal attitude, velocity, and flight-path angle.

These data are reported in a report "Performance Charts for
Multi-Stage Rocket Boosters !' by MacKayand Weber (NASATN D-582). This
report has been transmitted to NASAHeadquarters and should be issued
shortly.

d. Atmospheric entry and braking.-

A three-part study of the regimes of atmospheric flight applicable

to space missions is in progress. The analysis is broad in scope and

is formulated to yield closed-form approximations to the solutions of

the equations of motion and heating. From such approximate solutions,

it is possible to survey quickly the entire realm of entry paths, etc.

and to delineate the more important design and operating variables.

The three parts of the study and the corresponding simplifying

assumptions which permit the closed-form solutions are:

(i) Entry corridors and flight-path angles

cos _ _ 1.0 (_ = flight-path angle)

V = constant

(2) Motion and heating along flight paths for deceleration from

supercircular speeds

1
g sin _ _ _ _ CD0

cos $" _ 1.0

d_/dt _ 0



(3) Motion and heating during atmospheric passes

1 V2A
g sin ir < < _ CDo

cos _ _ 1.0

constant flight-path radius

_e w_lidity of these approximations has been checked with the

res_ts of _chine integrations reported by Chapman and Becket. The

closed-form solutions yield results st_¢ficientiy accurate for prelimi-

nary design survey purposes.

Each of the studies covers cases with modulated as well as constant

angle of attack. The results show the effects of maxim_ml g load,

initial velocity and configuration maximum and operating L/D. The

solution of the equL_tions of motion are applicable to any planet7 those

for the heating are applicable to any planet with an atmosphere with

heating characteristics similar to those of earth.

The first study has been completed and a report "Approximate

A_lysis of Atmospheric Entry Corridors and Angles" by Roger W. Luidens

(NASA TN D-_90) has been transmitted to NASA Headquarters for final

approval. In this report the modes of vehicle operation giving the

deepest corridors are defined. The effects of hot gas radiation and a

Reynolds number limit on corridor depth are discussed.

In part 2 of the study_ six flight paths that are considered

appropriate for decelerating from supercircular speeds after an entry

are an&lyzed. Among the paths studied are those characterized by:

(i) constant angle of attack, (2) constant Reynolds number, and

(3) constant g. For vehicles with laminar boundary layer, relations

are developed which yield the heat rate_ the heat input per unit area

during the deceleration, and the total heat input to the vehicle. Of

the flight paths considered_ the constant g path (with g equal to

the g limit) yields the lowest total heat input, about half that for

a constant angle-of-attack path with the same initial values of velocity

and g. A report has been prepared on the study and is in the editorial

process.

The third part presents the velocity change and heating incurred

during a pass through the atmosphere as functions of such variables as

maximum g load, initial velocity, L/D, and drag and lift-modulation

ratio. This study includes the concept of the variable-area drag chute.

Work on this phase is in progress.
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e. Guidance studies.-

The problem of midcourse and approach (terminal) guidance for

interplanetary missions is under sl;_ffl.yat the I,eRC. The objective of

the study is the i'o_:mulat:Lon and ev,o2Lus,tion o-f 6uidance concepts which

my b< employ_d i;o .prescribe e_'7:[.cJent l,r_{jcctoz'} _ control. C<,osideration

has bee_ gJ.v(4_ prims,riley to pa_ssJve-measurement systems (opl, J eal_ irlfr___red;

inertial) j arid the performance of components was postulated in functional

form and the effects on {]4id')once ewz2_la!:(.d eve _' r_ w:_d.e r_n._g:e of error

ass_mlptions. 'fhe feasibility of accurate d-<d.d_0,nce witlL mini]rural propel-

lent expenditure has been demonstrated for components of modest per-

fomnance capabilitj_ ho,,revet b mtd_tiple im]?u]_sive corrections are

required, Some characteristics of the study are indicated in the

followi nC paragraphs.

Approach [uidance.- That portion of the transfer trajectory from

about the sphere of influence of the target planet do_,m to -the sensible

atmosphere is considered the realm of approach {<uidance_ a.n¢l has been

treated in references 8 to ]I. A two-body_ two-dimensional analysis

with the perigee disto, nce serving as t,ho tari,,et parameter has been

assnmed. Reference (] presents a doc<mlentation of" AV requir'ements to

correct normLna! trajectory err,.:r_'_ and s?u:,wr_ that circT_mlFerentia]ly-

applied tbr_st represents s, very good _pp.i:'oxi_mtion to the optJmwu

thrust direct, ion. Some preliminary studies of s statistical nature are

presented in references 9 rznd It for' 1,wc-,,d:[st.,inct measurement sci_(_nes.

These e_:_,r]y stu_J.<:s ].ed tc _ -'<_['i:_em,::,nts,nd ir)[;ef<rn,tJon of" t:uidance

techniques L_nd me thetis of evaiu_zt:ir<n, ,,'-1,ndo, {','_,]._'.]y col_l!_]ere di6:[ be2

com_uter guidance ])rogram was evoJ ve([. Tb_) ,:_<']jsis s,r_d s t,n,{J,::t:ica]_

perfornmnce eva]_Lm, tion are presented in ref<,_'cz_co il; soon to be pub-

lJ shed. Nond.i.]_ensional festal_is ap])_]icable to any tar{]e t planet are

shown for ¢h_'m"a,etoristic solwtions and for extems'Lve pa-r_etric stu4Lies

of varis, tioIls in bz'&jectory _nd me_sureme_7t error p_rameters. 27_e use

of les_st-sq_,:r<:s dn,ta _'_djustment ,_.nd guido, nee ].o_ic -techniques h_s

proven verst s.%bis['acbor_ as a {r_ra,ns of improvJ.n_] the ef:<'icJene)/ of

guidance _mznetkvez's. Attainment o.f enbrj corrJdo_.'s on the o]'d,,_r oF iO miles

has been demonstrated for _ ' '- .. _11iefl,,,l]r_eJTlt)]l,, (2.]'(_l'S I] I) tO _: _71j.)IIltC'S O[" _rc ._iS.

The AV cost_ of eourse_ is r;is_'DnCl;),rdelo(n_dent on !;he accur,':tcy of m:l£-

coup.,se guJ.<I/trlce.

Midcoursc guidance.- A program to s-l;udy correctional _m4neuvers

during the mJdcourso pho, se of a m.JssJon hr._s been deve]_oped and eval_<zted.

The fundamental guidance theory J c based on wel].-known techniques of

linear pert__rba_tion methods, g.pecJfficall_ anille measurements are used

to indicate position devia, tions l_rom o, precomputed re_e<'ence tr<_jectory_

which in t_.Irn yield the anmun-I; o:C velocity correction to I0e s<pp]_ied. A

two-body_ %}_ree-dJ.mensionz1 ano.] y,,; :] ,s is o.ssuuneC. The cor, cepts of ds.ta
d'o,_justment and _]o,,lic techniq>_er_ ,,TtZ'Calso i_c.luded in the g_ida, nc<: theory_

and are _ound I;o he,re n, signifi.cant, el'feet on t]_e o,c(zur[_('_ and /__%1/cost

-hi .........._ ....
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of corrective maneuvers. Unpublished results of a typical Mars n_ssion

evaluation show that a vehicle using instrumentation accurate to

40 seconds of arc RMS can be guided to within 4,500 miles of the planet

center for a total _V expenditure of less than 360 ft/sec. An average

of five and a maximum of nine corrections are required.

The results of the midcourse and approach guidance studies can be

integrated to yield overall guidance requirements. It appears feasible

to guide a vehicle to within a D-mile entry corridor for a total _V

expenditure of under l_O00 ft/sec. The necessity of multiple corrections_

however, is reiterated.

Areas reQulrin_ further study.- It was generally agreed by the

group that there was an urgent requirement to develop a standard model

for the Van Allen radiationbelt which would be used in all trajectory

analyses related to Apollo.

The following documents were referenced:

Space Task Group

i. Funk, Jack: Reentry Control Study. Sept. 27_ 1960.

. Jenkins_ Morris V., and Munford, Robert E.: Preliminary Survey

of Retrograde Velocities Required for Insertion Into Low Lunar

Altitude Orbits. NASA Project Apollo Working Paper No. lO0_,

Dec. 5, 1960.

. Garland, Benjamine J.: An Analysis of the Errors in Position

Given by an Onboard Lunar Navigation System Using Observation

of Celestial Bodies. NASA Project Apollo Working Paper

No. 1006, Dec. 16, 1960.

Ames Research Center

i. Boissenvaine_ A. G.: Effect of Lateral and Longitudinal-Range

Capability on Reentry Window for Lu_r Missions.

2. Anon: Abort-Rocket Requirements for Escape Trajectories. Undated.

Langley Research Center

io Michael, William H., Jr._ and Crenshaw 3 Jack W.: Trajectory

Considerations for Circumlunar Missions. For presentation

at the 29th Annual Meeting of Inst. of Aero. Sci._

New York, N. Y., Jan. 23-25, 1961.

I "'-ITTII IJi_'"_
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Kohlhasc, q E. : Launch-On-Time Analysis for Space Mission.

Tech. Rep. No. 32-39, Get Propulsion Lab., Calif. Inst. of Tech.,

_ " Aug. 1960.Pasn.(lena_ ,&]_IF. ,

Clarke, Victor'....C., Jr. : De_ilm,<_ of' Lunar and Interplanetary. Ascent

.... 7.o 7,0 Jet Propulsion lab.,Trajectories Tech. Rep. No. ]_-] ,
Calif. Inst. oF Tech., Pasadena, Calif., Ju]. 1960.

Kizner, W. : A Method of Describing _li:;s Distance :['orLunar and

Interplanetary Trajectories. External Pu]flication No. 674,

Jet Propulsion L_b., Calif. Inst. of" Tech., Pasadena, Calif._
Aug. 1999.

r_oton, A. R. Maxwell, Cutting, E., and Barnes, F. L.: Analysis of

Radio-Command Midcourse Guidance. Tech. Rep. No. 32-28.

Jet Propulsion Lab., Calif. Inst. of Tech., Pasadena, Calif.,
Sept. ]959.

No ton, A. R. Maxwell: The Statistical Analysis of Space Guidance

[]ystems. Tech. Memo. No. 33-Ib, Jet Propulsion Lab.. Calif.

Inst. of Tech., Pasadena, Ca] if., Jun. Lg(_O.

Car:r, Russell E., and Hudson, R. Henry: Tracking and Orb:[t-

Dete:l_minahion Progr_s of the Jet Propulsion Laboratory.

Tech. Rep. No. 52-7, Jel %'epldsion I_.b., Calif. Inst. of' Tech. o

Pasadena, Calif'., Feb. 19_0.

Anon: Seminar Proceedings - Tracl_,in_ l:'r_,i[ram_and Orbit Dete1_nina-

tion. Jet Propulsion J_ab., Calif. Inst. el Tech., Pasadena, Calif.,

Feb. 2_,-26, 19(_0.

Fried]ander, Alan L., and I[arry, David P., III: [{eqdrements of

Trajectory Corrective Imp_]ses During tbe Appi'oach Phase of' _]_

Interplanetar.y, Mission. ],JAI',ATN. _-_,_ _o,<,:,_, 1960..

Harry, David P., llI, &nd Fri_edlander, Alan L. : I_]xp]oratory

Statist:ical Ana]ysis of Pil:_.l_<rI_Approach - Pha.se GT_ida.nce Schemes

Using{ Ronge, Range-Rate..:<rid An_u]ar-Rate Measurements.

NASA Tbl 0-2.68, ]960.

Fr:[ed]_mder, Alan L., and Ilarry, David P., !II: &_ I']xploratory

[',tatJst:[eal Analysis of a Planet Approach-Phase Cu_dance Scheme

IJsinl_ An[[ular Measurements W_th SignTificant Error. NASA TN D-471,
]960.
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ll. Harry, David P., IIl, and Friedlander, Alan L°: An Analysis of

Errors and Requirements of an Optical Guidance Technique for

Approaches to Atmospheric Entry with Interplanetary Vehicles.
NA_ATR R-1961. (To be published)
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(b) Vacuum perigee at i0 ° lat.

Target latitude 35 °

Section I, Figure 5.- Variation Of obrital plane

inclination and relative longitude of perigee

and target.
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Section I, Figure 5.- Concluded.
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SECTION II

EXCERPTS FROM

INSTRUMENTATION AND COMMUNICATION

APOLLO TECHNICAL LIAISON GROUPMEETING

Janusmy 6, 1961

Space Task Group

Langley Field, Virginia



were:
Reports from various Center memberson Apollo-related activities

a. Space Task Group (STG).- Studies presently beint< conducted

and reported are:

(I) Preliminary Concept for Col_mmications and Tracking
Equipment

(2) Preliminary Investigation of a Television System for

Use on the Apollo Spacecraft

(3) Compilation of' Worldwide Tracking _d Co_nunications

Facilities Offering PossLbilities for Use in Project Apollo

(4) Preliminary Consideration of Radio Beacon System for

Recovery of Apollo Spacecraft

(5) Preliminary Feasibility Study of a PCM Telemetry Link
for Project Apollo

(6) Preliminary Investigation of Ground Tracking _d

Communications System Adaptable for Use in Project Apollo

b. Marshall Space Fli_ht Center (MSFC).- A brief account of

Instrumentation and Conmlunications Branch work at MSFC was given.

The branch is broken into the following groups:

(1)

(2)

(3)

(4)

R. F. System Section

Measurement Section

Telemetry Section

Planning Section

Special Projects Office

Reported and discussed briefly were the following areas of work
presently being studied at MSFC:

(i) SA-4 Instrmnentation Plan

(2) Saturn Frequencies

(5) Horizon Sensors



(4) Radar Altimeters

(5) Television

c. Langley Research Center (LRC).- Areas of interest that

would be Apollo-related and are under current study by LRC are:

(I) Propagation Through lon-Sheath

(2) Antennas

(3) Reflectometer

(4) Radar Altimeter Use in Moon's Proximity

(5) Radiation Effects on Solid State Materials

A discussion of areas requiring further study and areas where

studies should be initiated res_Ited in the following list:

a,

b,

Co

d.

eo

f.

h°

i.

j.

k.

5.

Ion-sheath problem for reentry#

Radar-altimeter

Antennas (general)

PCM transmitting system

Television

Onboard data recording (sensors and storage)

Data reduction

Radiation sensors

Bioinstrumentation

Measurement re_lirements

Frequencies

BQacons

m. Recovery aids

VV_, .........
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SECTION III

EXCERPTS FROM

PROJECT APOLLO MINUTES OF MEETING

()F

MECHANICAL SYSTEMS rI_ECHNICAL LIAISON GROUPS

January 6, 1961

Space Task Group

Langley Field, Virginia
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Space Task Group (STG) gave a brLel' 'iscussion oF possible require-

ment for -the provision oF artJFicJ_.l grav iuy in the Apollo systela_ and

requested that panel members consJd.cr the effects such a _'equirement

might have on the various mechanica.l sysl.ems.

,_I(,in-house studies on the mechanical systexr_ for Apollo:

Environmental Control System.- This study has been confined to the

thern_l control to date. An indirect heat transfer s2stem was assumed

to simplify the nmgnitude oF this study and has been shown to be com-

patible with the s_u'f'aee area aw_ilab_!e i'or the heat load of'

7_620 Btu/hr. The radiator surface versus tube spacing and skin con-

duc tivity, thickness_ and surFu.ce conditJ ons !_ave been parame trical.ly

studied.

Reaction Control $_stem.- _'L__ most feasible system _.ppears to be

,,r,eusing storable hypergolic pr_,p_fl].ants. Since the: fuc! consmr.ption

varies as the square of' the minim<w,_ repeatable p_sc_ P_rq_rdt's

PAT-C system is of interest. They have offered NASA the necessary

hardware on consffg_mlent for an evaluation program and Lewis Research

Center will conduct, the program. The first unit wiff! be a 25-pound

thruster with two solenoids and a wave shaper_ It is hoped that this

progr_n will continue into an evaluation of a single d:'iving tuN'.. It

was stated that a prelimff1_ary estimate of the total ff_<gu]_se r, , _.,d

d_Lring the mission for attitude control was i00,000 Ib-sec. Propellant

pressm'ization wotuld employ bffa.lders and cold gas.

Similar systems have been discussed with U_9 oF Thiokol Chemical

Corp. and Bell Aircraft Corp.

Ataxiliary po!_er SUp_].y.- A first look at the mission power' require-

merits indicates that the average load for the nmjor portion of the

mission will oe i_800 watts. This is ex'pected to increase after further

studies havu been completed on all systems. A fairly extensive litera-

ture search has been done and is continuing on a preferential basis.

As a rustJLt of this_ a first cut indicates that solar" <._.iu:,electric

solar cells plus NiCad Latteries and the cryoi]enic reciprocating

cn_inc sho.,ald be considered. (See fig. l.) It is suspected that the

data used L'or the ,._'ecipr<_catingengine _m_y be too optimistic] howover_

Vickers is in the process o[' (.,crtif'ying -these davta to th< cxte,n-_

possild.e. SJmil<_,rly, it is suspected that the da.ba on th_ fuel cell

are pe::sffmistJc sffrtc(_ the fuel cons<s_pt:lon rate of the two is nearly

the seurie. A_(lJ_ti_'no.k '.','Oi['Th% ro(!t_[ue]Ncnts ir:llDOSO<_ on th£2 Reaction Con-

trol Syst[;m also hs_v_: not bccrl assessed :_'or the solar systems.

]1: addition to VicKe,'s_ (N.'G i_as talfLcd to _:%i_rquardt in t,er:m; of

what co,rid be dane with t]_eJ.rhydraz:i_ne-nitroi<_en tetroxide engine with

cryogenics.

m



With solar cells, there seems to be considerable differences of

opinion as to the percent charge versus cycle life of secondary
batteries.

Present plans are to review the weights of the most feasible systems

and choose one as a main supply for the in-house study with provisions

for emergency power for the minimum requirements.

Langley Research Center (LRC) Apollo work to date.-

Auxiliary space power.- The manned circumlunar mission has been

studied at LRC in an effort to define the type of power system which

would be most applicable and to uncover research problems. Ground

rules assumed that the mission length would be 7 days, although consid-

eration was given to the probability that provision would have to be

made for an extra 7 days resulting from initial guidance errors. A

three-man crew was assumed and a separate reentry capsule with its own

power supply would be used rather than having the complete vehicle

return to earth.

A survey of power consuming apparatus which would be onboard was

made along with estimated power consumption at all times during the

mission. Without making a detailed breakdown, the results of this

survey are given in Table I. A sunm_tion of the load patterns of these

items was made and is reproduced as figure 2. If solar power is con-

sidered for the mission, the possible dark periods are of interest and

are indicated at the bottom of figure 2. They include an hour in the

earth's shadow at launch, anhour behind the moon (at 60 hrs), and
1

4 _-hour periods when course correction rockets are fired and the solar

power apparatus may for a time have to be oriented in a direction other
than toward the sun.

There are several possible choices for a power supply for this

mission. These include both power systems (solar or nuclear) and

energy systems (chemical). SNAP-2, a 3kw reactor power supply, will be

available at a weight of about _00 pounds without shielding. The shield-

ing has been estimated at 1,500 pounds for use on a manned mission,

however, making the total weight rather high. The Sunflower I 3kw solar

power system will be available at around 600 pounds. A possible objec-

tion to this system on a small vehicle is that movement by the occupants

of the vehicle will cause the stabilization and orientation system to

be working continuously to hold the mirror alinement with the sun to

within about i/3 °. The penalty involved in this requirement has not

been evaluated to date. The use of solar cells would reduce this

difficulty, since they are much less sensitive to orientation. For the

dark periods, the Sunflower I incorporates thermal storage, but for a
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solar cell array_ bai:teries wouJ_d ]lave tc_ be provided. It can be shown

that, for this pu_.'l_os_,prilmry batte_qcs sho_]d be used rather than

rechar_<eab.le st, o_'a_;e bat,!,<'rJes. E_t, imated we:t/iht i'or such a solar cell-

prj.[lk%t'V battery system is _i_1.4 pcmnd,_.

Chemica_l systems may also be considered, altho_:h they are high on

wei.ght f'or missions as long as 7 or 14 days. Figure 3 shows some

estin_ted possibilit;ies for this missio:n. Or>_.possibiiity which has

I_ot been flJ_ly explored is to use_ .['orthe solar flare and other

rad_iation shieJding of the veh:ie_e, a Inat.erial which ra%y also be used

as t'ue.!in a chemical powe:,- system. In this way, not ail of' the fuel

weight wop&d have to be charged to the power system. Some limited

study of this arrangement is under way at I,RC at the present time.

TAI%E I

NST_',_TND POWJ<R _,E;)}7];RgK_]BW8

Powe r z wa tt s

Item Peak MJ nimum

iO0 0

: 7. i150
800 o

.liO0 3C
t£_2 i':,!k

500 0

_200 _]_200

Controls

Guidance and Navigation

Midcours e Guidance

Coz_mlunJca tion

F]igl_l Test Instrumentation

Scientific Payload

Life Support

It was pointed out that I,RC weJ_g]l% _sstii:_%tes for auxiliary power

systems are somewhat at variance with those of 8TG. It was also noted

that an ,-q_,dditiona] weight penalty involved in the use of' S_u_l'i.owe?"
wo_Id be the nose cone for launch arJ c'×j t, re<D1ired to cover 12"e folded

re !'lector.

],I{Cis of the ol_ini<n_ thab sil:i_con solar cc}_]s are _refez'ab].e to

Sunf]_wer l'or Apollo since the solar ee;].;]r<n/,ul].r_.rallurement req_d.red

!. .()<)

is about .!_._to lO ° _.s c,,nps._,(.'di:.o=':-_!br S_.>1";]owel:"a>d the so_far cells

a_e presently more rel:iable.



OI,her work :in prot_ress at LRO includes:

Phillips ' work on a _,_netic. s t:,abiliz,_tion sys turn f'or vehicles

wJ.thirL the infLuc,nce oc l,he e<_rth's _'_/<r:etie field. A sm_N_l b_r

J')k%6net is supporte& in o, series of gSmbo3_s. _,'D_en _]_hed sl_ti.tabA_!

rels, tive to the earth's 1,m_g,netic field, the inter,'_c'_,.,.o._s" ," ' o,_ the

two f'ields can produce o_-" ste_bit_ize an orbital v_.hic_! e. i w,n.'king

expec:i.menta.i, apparatus has been _'onsoruct.ed and invesbit-'.ation is

proceedinp/. It, _s said to be accurate to several seconds o9 9,re.

LRC is investi;<atinp< the probkem ,'-)f <_,'>ndensa_:Lc.n at zero

gravity usins a gas jet _n the center ,of ,,, movin_-< liquid annulus.

It was noted that Instr_.unent Research Division (IKD) _s

working on Enviror_mental Control System (ECS) _'equ.irements Per a

,]O-day :rdssion j.n connection with Applied _,'_ter_a]s Physic, o

Division (AHPD) space station invest_,q_t:ions.

AHPD :is planning some exp_rimental investi!sa%ions _}n the

stabilization and heat balance problems associated with an

inflatable, rotating space vehicle con_igurn, tJ<_n w]iich provides

a slm%ll artifieia.l d.rav:lty.

The Lewis Research Center work related to Apolko is as follows:

Lewis Research Center _,,dll be :Lnvest, lgatin(_ the Harquardt

PAT-C system for attitude control. They had originally planned t<-,

do their preliminary c'heckout trork in _n ,%]tit_d_, rmnne]

(_ in. It2O); but have now (]eeided that they ,,_,-,,_d :Lmmediat_d/

start working in a hard vacuum. LeRC has :_ _! fit "< !:, <t "moon-dust"

chamber in which investisations are being run o_ the ._et dust

kickup expected on lunar landings. Zt is planned I;_ connect this

to s, _0-inch dJameteY dif['usion pump a_J insL,<_._men:_ th<: chamber

for the PAT-C tests. Extensive J.nstrumentatio_ is needed for

thrust measurement durinc the shnrt ptt]ses. A _m<]o_" system problem

is to insure sJmu] taneous arrival of prope_l]sx_t arid (,xi,2n:nt at the

chamber. The propei]l::_nt and oxid_mi., valves a_'e not: presently

linked m_;chanical]2. "IAtnl<pressures will Le :_nJ.tJ_%i]y )0O psi_;

]ater_ ){_n.'quo.rdt w_An.t,s to i_se several thousand psi_t. These high

pr..'_ssures :may prcnent, n, pt'<9)lem. It _m%y l.)e khn,t 1)umps welsh less.

i,<_wis )'__seu,rch oenter has devc_±oped, a n_u)_L<,{:_"<:.I sh_%_L] "

biprope]]_%nt s<st<m_s hi" ']0-to lO0 poRnds thr_st,

Lc<,,<ls i{{:s_::.trc£1 C_,nter :is u(,udJ:ing a /! imt<l." J andSns vehklcie.

In i t, Ja_) i,;es ts are ])r_<po,qed +,,_ bc c.(:,nd_ct,_d b_ _],_!_s ['r_m! aircr_tl?i:

• _mm_m_ m_ .
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at Wallops Island. Drop altitude woulLd be about 40_O00 feet. The

vehicle is spherical in shape, has a retrothrust rocket for velocity

control. Attitude contro.] is accomplis]-ed by a cold gas jet

system.

_%rsha/l Space Flight Center Apollo-related activities :

Attitude and velocitx control-reaction nozzles.- Sn_!l variable

thrust engines can be used to control pitch, yaw, and roll and the

velocity vector of a vehicle. MSFC has s_d:)contraeted the study and

development work to U.S. Navall Ordnance Test Station, at China Lake,

California, NOTS.

Variable thrust, zero to full thrust, and pulse thrust mode

operations are studied. Storable propeilants, red fuming nitric acid

and unsymmetrical dimethyl hydrazJne, are used.

A variable area inject:or controls the !!'lgwof' both fuel and

oxidizer sim_ultaneousiy and in proper proportion to obtain full range

of thrust control. Only one moving{ part, a cy!ind.ricall£-shaped

pintle with conical faces controls the propellant flow into the com-

bustion chamber.

Hypergolic propellant combinations are used eliminating the need

for a separate ignition system.

By means of suitable hydraulic or electrical actuation, the pintle

can be moved to f_l open, partially open or closed position of the

valve.

l.arger engines can bc controlled by a hydra_lic system, small

engines may use solenoid action, high torque D-C-motor and screw, very

small engines - imzgnetostriction linear act<_ators.

Test - Experience at NOTS.- Zero to 1,350 pounds tilrust engines

using hydraulic actuation have been operated successfuAly at frequencies

as high as 20 cps.

The hydra___ic servomethod becomes somewhat impractical if such

motors are reduced in size.

Some work has been done at NOTS on direct electrical actuation:

a. Solenoid action (fig. 3 in report NOTS, Nov. 9; 1960 ) to

open and close the pintle oi" a srm_ll thrust engine to operate it

in a pulsed mode at moderate frequencies.

_ -lIZl I["m
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Solenoid. ac!,iToli does ]_oL, a]/,pc_:m at _hJs thole to be practical

due to the hi_;h c<_.t'-:'ol!,s rCXllri_'o,q .,"_z" this _:cctu_Js_on.

b. The pos,<_,iT:il_ity _)! usJs-_g d:trccb m,.>t,oi" d;'tvc and screw h,%r_

been investisate& (s<:e _'i_.,. 4 ]i. il _1"_ }:]<;) [' [. ) _ '-[i}[c reeL:hod appears to,

times are _il.s(_sll._;w km:}_-;:; in()tcp<'s<,I"ver'y high torque I/:,we](ght

ratio beeo_m a,_aii_fb] e. _'J.imiu.tucizat.hn_ is nccessaL'y.

c. A th:i.'d meth<)8 o< pimtle o_c1,_u_,tJon Aas recently been

demonstrated ira__, '_Tg,-M.r_i, 'y _i_-q ce, 7t is ba.sed on maGi-_el:o-

strictive elements. YY a bac {:_i_ sr_,me _!_gnetostrict:ivc metal such

as nickel is p_!(_.ced.:[._a _:q:m L i,: .]ic_icl, the ba_: wJ:L!, ccns tr_ct

along its ]el_th. This cons t_'L(:L.Jon _:_y _m_o_'_b to sew_'al

millionths OY [%_:i!,c[[__)el' i1:,c]_. _}'inee _< single constzqct[on is

not StLffJclenl_ to> act,<sic _,h_ [_<]e<:t_ I' :pint_]_e_ a method of com-

pounding this m<_tion t,hr<._uW:Lh _'e]_{:titive (,.or_<;t_:'ietion ha<s !)een

developed. AI>ISjJ;_j {,w_, m_,£_m-i,J,". {_:! r, !;;p:; nS devices, one oi each

end of t.h<u <'o_st L';,.c L:,<,_ i:_<_', a_d by 7'_"::'/_<:i' l_hasing o]' c(:_,_st. _':_ctio_:

and e!ukKft)ill(/, _t..'1, ]ki,Ch <'.)'(_],, :{:_1_ , _, JtLi_e&f' motir)n v;ilt ther, be

prodtlce(l in -'..:_L_-_]:4:<t', ]q:)_'c'cr.,.>E" SL!:!'['.i(_it_rzt m_q_rdt!_.(he to _cbLa_te

the injector IIIL, OIH-L.'_iSL r', NYij'" {:_£ j)t'()(]'.,ttt@(l.

A firs t workir%i model _,'_' c _ ]-,.-,s _ :r_s_i:,:uP!:.oslkricti'._e <.c ..... to_ has

been produced.

Some i_,upcov<:munt:_ ,)n [,iz_ c.!e_:j?i:z6 r].cvices i:_ yJ.cld high foz'ces are

presently incorporated, :ii .__,{sl._]:4:,_ge :in the' clamping mechanism which

now prevents the :pr'.oCn_L ,':_c_._._.t ,_' W_:...,-:_ .'._P.hi<-,,h_: i]_c- fo_°ees :..i:dc1_ it

should be cap_l,l._.: or d.efe].:i,:[_,f. (S(:_' r'e]:,c_ut::,: Wcste:r'r_ Radiation

Laboratory_ LAT_ d.at<, ],_;.r. 1>; .]9{t)_ A_< "-_ ![[_r:47.)

ObSectives of wc]'k {_.i:, _'i(N';:.,. - 1_r, ('-,:':[ >i_ R< so,Arch _<nd Develolnment

of s_m%.].:l,variabAe t-b.r_._._+, e.r_ <jnos "i.H t,}_ the. i'ci i. -,i _.,,: <4_ !ectlves •

a. I)em,)nsbro._i:.}.,: oi' _s ];_ ....... <<, _' dii_i%a!ly-operated variable

thrust en _]i]H; <:_' [h]kf;<'( ;,: i ........;'%! -" .':,; /:>( ])([G[l_<_tS. _t_,>,''' ,4-,,.N[.i n_,.t !3]ii'LiS t3 U.Si]]_[ 8,

_Gg,&q3(:t_JGlz, L'J_(,f:i%,_o [ i __ ;:!2' <t<:t _11.:,-i" ['oi:" :O_q ;r<q °

b. Demons.tL'a, ti,::_rz of _ s_m. ]_ _0,riab_]e thrust; engine which

will have o. -i:,r'<_pc] ) <,_rt!. ][( &_,kt!d.<: "...._.,.,,_ 7t,')...._:_'<:Lt[:o!:" Lh<.%ll ] c.('/,'_&. ,.v _Iy_cle]:"
-- L'

a vacllum of ]_/) _ _rm_ ]T_,,

c. DevekoprpnY o._xi (](-m(n_.,qtr_,tj<;t-_of _ c.-:,mlt_vstJ.on ch_mber

design for use with v_:vlq__:!b].e t}'v!J::;!:, en_<inc:s (:o.p<_,}_lc. o£ bc:in_ f:i_-egt

for f%t ]e_zs[, ].'_0 sf>c',)]'Y]i!, wJ 1.]] 7;,) i1!(,7"(: i:}]o.!! -i ([)-poE{_ONI, i;-hl't-),%i, _%1"_)_

incre0_So _7.n(] _)!' 0. s.[z( s.]!(] .,!<::T_7}_L, C'_:;]_4(-FLLSii'r/.f( .,,]t,p, (,Ire ff}]CuS%
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level of the engine. The engines have graphite nozzles.

d. The demonstration of one or more methods of achieving

propellant ratio compensation in small motors.

References are:

. Rutkowski, E. V.: An Investigation of Small DeMand Thrust

Motors for Space Vehicle Application. Status Report of the

Naval Ordnance Test Station, China Lake, California.

.

.

Anon: Report dated Mar. i_, 1960 from Western Radiation

Laboratory_ Los Angeles, Calif. to NOTS on the use of

magnetostriction for actuation of small thrust motor

injector valves.

Anon: Report dated Aug. 8, 1960 from Western Radiation

Laboratory, Los Angeles, Calif. to NOTS on the use of

magnetostriction for actuation of small thrust motor

injector valves.

Auxiliary power.- MSFC has broad experience in turbomachinery_

pumps of different kinds, hydraulic systems and components3 propellant

feed systems_ etc._ and can offer support in practical solutions for

specific problems connected with nonpropulsive power for space vehicles.

General information on the state of the art of power conversion

systems is gathered, no special research is pursued in this field.

Mechanical elements in space.- Solar energy collectors_ antennas,

radar screens, etc., require mechanical elements exposed to the outer

space environment and to be manipulated from the inside of the pres-

surized vehicle.

Design studies on hermetically-sealed mechanical linear and torque-

motion transmitters are carried out presently. The cases of actuating

a valve and driving a hermetically-sealed pump shaft located in the

space vacuum are being considered in particular.

The friction problem in space mechanisms is a major one.

The function of all mechanisms on earth basically depends upon

friction_ in some cases friction is desired_ in others it is undesir-

able. The latter is the case for all bearings. By means of suitable

material combination (lubricants between sliding surfaces) the friction

may be reduced considerably.



59

In most eases_ the average designer is not awc_re of the fact that

the principle of lubrication is not oi-_lya I_tter of r_mterial properties,

but to a great extent based on the existence of the atmosphere.

Since there is no atmosphere in space_ new design principles have

to be applied for bearings. Research has to be conducted to find these

new design principles.

Studies made so far by MSFC in this field have analyzed the

mechanism of friction and lead to conclusions for the development of

space mechanisms.

Further R and D programs are needed to replace the forces which

cause seizing of surfaces in intimate contact by friction-eliminating

forces which are available in space.

MSFC also submitted to the panel the following discussion of a

possible recovery system for SATURN which is under investigation at
MSFC.

Flexible wing glider.- Recovery of the first and possibly the

second stages in the SATLqKN program will be of great value to any

space program. Recovery of the S-I stage has been in effect since the

start of the SATURN program.

In the beginning of the SATURN program_ the recovery system employed

a parachute system that provided for the recovery of the booster from

the ocean. This system was preferred because it rmzde use of components

and/or techniques that were within the state of the art_ and consequently

it would reduce development costs and yield higher reliability. Also,

vehicle modifications to accommodate the recovery system were held to a
minimum.

During the course of _he recovery system dcvelopment_ funding

problems were encountered a_]d the recovery system development program

was postponed. The postponement gave an opportunity to investigate

other recovery concepts. A mumber of unsolicited proposals were

received by the Recovery F'roject Office, and amon_ these were two

similar techniques utilizin{_ the Ro_al.lo flexible wing concept. The

two proposals were submitted by the Ryan Aeronautical Company and the

Los Angeles Division of North Amerie_n A"Jiation_ Incorpc.rated.

MSFC is presently draftinc a statement o< work to conduct s t_Jdies

on the paraglider. The purl)ose of th_s study is to _nvestigate the

technical and economical feasibility of using a para{d.ider (Rogallo

flexible win[_) in co_nectien wi th the :recovery el? the SATU]LN booster

and upper stages. Main on,phi.sis o_" the study will b_ directed toward
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the S-I stage applieabion and., at'tee the fer_sJb__l:[ty oJ' this app]ication

has been estc,blished, o!"f,u:.Lsb.,<dd then },,,:d:iJ'<,ct<:dto the recov_ey of

the S-!I stage (the sec<,nd si:o47: o!' the._ I_ATI.]]@IC-5_ conIXiguration).

Second-stage recovery is of inteeest_ _i_,:Lc<,!'o±,<,::Q_ita1.mffssions; a

two-stage fhmlly _'ecoverable venJ e.](: is <_.%tre_ffo].y %tt, rgzctjv(-: economic.ally.

The scope of this study wffl! rec_ui_'_ d(_tai!ed ]2relfiminary design

of a complete paraglidec recovery systo,.-l,detailed drsm,ings o£ the

method of attaclmtemt to the SAq}{I.d_,_S-i sbcq¢c, a comti,]ct_ op_rationa±

and cost analysis o£ the syst<n;b and a <tc_ta,i]cd piton ]'or the r{_quired

research and development of such _ syst<J:i. 'iJi_,;:c<_s_d_t_,of this st,dy

will be detailed enough to )]ermit selection <y' t}_c most promising

recove_'y system for tn_: oA£t _{N t,-,:, at tl,.c_a__..L<:_ _, _r_ossible date. A

study period of 6,months is envJ sio[lec! ?o.t" this <-:['fort;

The proposed recovery system consists of' a flexible depioy_able

wing based on research by _.ir.]Yr<_.,cisRoga].].o and others at ]IASA;

Langley Field_ Virginia. The l'!exible wi_%] w__<schosen because of the

_Idva_it_cs el' missioll ]:}_<trlch v()]ldi!c_._ [-°_C C] _de tx_nge_ siml01icity_

]-ightweigl_-<_ a__'.dcontrollabii:i ty.

Up_].ffkethe convenL:i.or',e3s.;J_sgco_%pes_d of a rigid skin covering a

formir_ structure_ the flexible wJ.p_g is composed of a m<mff)rane of

E]exiblc n_sterJal a_tached t<s three sapporting members. The center

keel and the two lea,disc edges_ which can bt_ __F rigid slructure o,.'

inflatable m:_t,erial_ are joined at the foz'emost point to define a

triangular envelope. '11]eed_£es of the f.Jex_ble membrane are attached

to the side members, and the membrane is joffncd to the keel throughout

its length a< the centerline. 13_e flexfb].e wJmg Js jo:l.ne4 to the

vehicle by means of' cables or rJcid st_'uct.ural menibers.

The most obvious m_dvamt,a.ge-c!:'the f.l.c:<ib]cwini' is fits extremely

low storage vol_une and. _!_ightweight.. it' ini'].a.tol_<<_k_cel and side members

(_re e_ploy_::d, e:cce[)tion_dly high sb.._z'a;}<-,de}nsJ Lies ilm.jf],u obt[_ined.

The ]_ightweJiJ_t constmtet.ioI_ a]]_'_ws more efL'cetive :_inS L_re_ pet' tu_it

weight than a conventio_a] win;< ?esu_]tinL< in greater lift ]'or a given

winc weight. T._st o,nd -cmso.]ysi,cshow th:].[,t.}_ewffn_,possesses _ high

inherent ,stabi]fftTiabQ,,d all t]t_'eco.xen.

,S,_v,.-,.ralmetlu_ds oF [71-J(_ht cont,ro[ are possit)]c. The center-of-

-';z'_',vi!,,y :;hi g¢. (for_ "zm(L af't !'m _ }<it,_:i U to thc sffr].<_ ['or roll) is uffmlJ, est

'{'i,,d_x-:.:i_:'odccntcr-of-_l'._,v.iLy s]_:i£1:,can be obt,a,in_d SJml)]y by reefing

.,_" l,n.,'/[_ l,a,//(mL_ .)f' s_/:,S,,:w't:in!]< ca.b.]es r:,}" ;',tr_.d,s. Cout.ro] <;<u] a.!so be

:_!'['ctct,,>d 1;hrr_dC]: ¢:]]_tb,:]:" cha,n/[es o])ta_]n(x] l,j ad,]ttStill_ the nose_ C].ex-

;I'; _i' t,}Ic '/iX/_, _kq_torjn_.!._ e.pl)] i<:n,t:inn of eo.:tx_rd sucf'.%ces, _,.nd app].i-

,'_ [,,,,, (,[" s_:,'l'n,e,-' eont:ro! th:r_uv1h _)_emt),',-,,;,u <_too}:'s, spoiler t)lates or
c' ,] l'7,:R!|}i : )R, '_, I t'!]rlc]c'r n.]_{-:t e]_C'Vt)_t<_]';_',,
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Preliminary studies indica.te that the weight of the complete pars-

glider system wi]_] be around 7,000 or _3,000 pounds_ depending on whether

an inflatable win_ or a three-wing tandem-connected design with rigid

structm_al members is employed, respectively.

Research and Development needed for Apollo includes work in the

following areas :

Rotor recovery systems -

a. Although conventional helicopters are not very stable,

and somewhat difficult to fly in a power-off condition_ a rotor

recovery system could probably be designed for the specific case

which _ould be adequate.

b. _Fhe use of suitable instrumentation wo_d help the

situation greatly.

c. If cyclic control is to be used_ the vehicle must be

capable of azimuth control and stabilization.

d. Systems usin_ rotor tip power were discussed.

e. A system was suggested which incorporates autorotative

descent to 20 to D0-foot altitude_ and solid propellant rotor tip

rockets for the touchdown phase.

f. The work of Kaman (USAF-sponsored), Wri_bt Air Development

Divisionj Vertol and Bell should be closely monitored.

The Environmental Control System requirements need considerably
more detailed definition.

Work Jn Reaction Controls by LeRC and MSFC is good.

Inertia wheels and magnetic stabilization systems should be

investigated. LRC is workin_ in these areas.

r_'le ships system power supply qpestions need £ttrther resolution.

For Apo]lo_ the shielding penalty oF nuclear systelms appears tmaccept-

able. The question of the use o_ s_.lar systerms or chemical systems

(either fuel cells or expansion engines) remains open. It was noted

that the intesration of chemical systems becomes complex because o£ th_

possibility of tie-in1 to abort power, the use o£ fuel. for shJelding_

etc. It was su_./qested that NASA sho_S_d study fuel cells in more detail
for this _,pp].J cation.
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LRChas been working on studies and testing of power systems
suitable for Apollo.

Onearea in which Research and Development is needed is materials
for equipment in space, particularly organic polymers for use in
inflatable antennas_ sol_r reflectors, electrical and thermal insulation,
sealants_ seals, parachutes, pyrotechnics, as exsmples. There are many
important questions about stability_ strength_ and compatibility which
are unanswered. LeRCis doing somework in the field. LRCis also
active in the field. MSFChas a contract with the National Research
Corporation_ Cambridge, Mass., to develop sealants.
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ekT_)lo_'atory stadieus >1' 1_,:_1; pL'()bee_,i_;t_ ;;.'F:;Icm:_; !',_n:" 'eu_}_]<:l<:_; l'eturnin_:7

from lun_r fli_Jl-t, b]:t't[n,<; t;r_c:,:_'L_n:':i_;; wit!i ;L _Li:Wt-_.t,'_.,i7 l"_.tLc) o_' d)._

were used_ with ].'eent, Cy _._ _,].e_ ]h.,c)m th< .:),!(:s,:;]_;t]t !;_)tlt_,Ja,}:y <:o]']:'/upondin!_

to a ]_laxi]ill_m (_]f' ].0_!;. J)_;]tLLI_C.'t_;D i "C " . ,• J_ )h tile ]'_,<:):]!;;V t)<,_L_It ( l.,a.]te]'_ a.t an

altitude of ].OOkm) _'L_nre(l b'_m_ al)ou[; ]._',O01<:rl'<.,)"d:,OL_t ],_2_()<lO}mLand timer;

from about 2_0 seconds to _bout 2_000 ,_:;e<,,,m&.'.A bl_int <:,]_e (P2 ° with

a length-diameter ]"atio of 0.[;) and a hemisp]_(:rc were: <_s,_;tmled as

repz'esentative veh:[clc: shaLl)e;:;with _aal].isb:h: p_tLtnete_ > _?/ODA from
2

900 tO :]0 liDs/it .

Z1l[le[' e:tts.'['tcCC-cool<:clq\tErtzj }</iL{[ Vt-'j)'OlL'i',',iii_%la{,(_C a;D c{Jolttntj W}mS

fottnd to be a p2o_l_j:;i_lg m_thod _'or heat prob_,{_:tion. A shield h&v_nff a

moderate weight with flexible chara(:t(n:'istics is provided. The wei_Tht

of a shield made of solJ.d qu___rtz; includin 6 coolant_ is c_bout one-third

to one-half the weight .['or a Tel'fen shield. A ]h n:' l,h (_-:_" si_/niY_cant weight,

reduction can be _chieved ICF us(_ of po_?ous quart;'. I_'o:ca blunt cot_e

having a solid-quartz shiel<! <)i' oT-_tJmtml thLcknc_ss disLrib_ttion_ the

combined shield e_nd coolant wcif_ht was a;bout 20 to f_{[;])ercent of the

total weight of the recnt<y bodj. ]%_' the hemisphe_'% Lhis }._eight was

about 5 to (,]percent oI' the, tc)t[<l weig_ht. The heat t;hield _'equired for

the overshoot botu]da[_f was also fettled stdta,ble for much steeper

trajectories with decelerations beyond hLm_<._s]tolc_'ance. A& the sto.g-

nation point_ approxi_lately j0 pe;_'c-ent of tl_e heart w_s absorbed by

radiation and about 90 percent by mass transfer. Onl_v a small Traction

was absorbed by coolant. P±"_cticall_ all (;±'the able<ted mat{=rial was

vaporized. It should be noted -that radiation v,_a,snot incl_ded in these

calculations.

Work is continued to extend the investi(,;ations wJth expect solutions

on shields of varying su_'l'ace density of _<c_a.±%z at stagnation points

as well _s other points on the body. Sol_tio_,,s are _t¢].sosought _'or

large nose radii with sizable shock-layer radiatJon. M_'. C<)_e]_l of

}4SFC discussed work _'e].ated -to ballistic _'eent_ Wnos< eludes having a

W/CDA of iI_90. }Msed aa_orphocts silic'on mate±-i_t].s with v_riable ?oros-

i ty were used. Studies have al_;o bec_ <:conducted of c<m_p()site materials

elaploying both high- and l()v_-teml_e_'a.tur_c _blators with plastic or foully.

honeycomb insulation mate].,ial being,; used.

b. I,angle_ Research Center (LE(]).- £_: analytical, stud_r has been

made using three types of reentr}_ brajectc)_') _ ma_eu\,_=_'s. _2he t_-pes con-

sidered for I)arabolic reentr_r velocities &re const&_-_t C[,7 ma_,,euvers

(with and withoc_-t roll af-ter pulling up t,o horiz,)ntalL _%titude) and a

constant g Nlaneuver aftc,.r .:'e&chir_ ([_,_ax" Witch .p].,)bted in te_i_s of:



w/c A JW/CDA  hese

results show a related family of hyperbolas.

Three of the projects mentioned were planned free-flight tests at

velocities of approximately 29,000 fps using Scout booster vehicles.

One test will determine the heating rate of a blunt body by the thin-

walled technique using an Inconel skin. Upon failure of the Inconel

skin, measurements of ablation rate of a secondary surface of Teflon

will be made. The second flight test will evaluate the integrity of

the external char of deep-charring ablators. The general external

shape of the configuration is the same as that mentioned for the first

test. The third test will obtain total and spectral distribution of

radiation. This test is still in the preliminary stages and the instru-

mentation has not been completely defined.

c. Ames Research Center (ARC).- Three fundamental problem areas

of reentry heating for lunar vehicles were mm_marized:

(i) Forebody heating - The heat-transfer rates and heating

loads to the fo1_ard-facing surfaces of a itmar vehicle are

understood reasonably well if the air in the shock layer and the

boundary layer are in thermodyna_!c and chemical equilibrium.

Theoretical methods which have been developed are quite sound if

the flow is laminar, and these methods have been verified in shock

_ubes at least up to enthalpies near those corresponding to

satellite entry. Experimental verification at speeds above satel-

lite is, however, lacking. For the case of turbulent flow, the

theoretical approach is very weak and little or no experimental

results are available in the speed range of interest. It is

expected, however, in the flight regime where the aerodynamic

heating rates are most intense that the flow over the forward

surface of a reentering lunar vehicle will be laminar as the

Reynolds mu_bers rarely exceed 2 or _ million.

The effect of the1_nodynomic and chemical nonequilibritml on the heat-

ing rates has been assessed in reference (i). In this investigation the

flight regimes where the flow at the bounda_ 7 layer ed_,e, or within the

boundary layer will be equilibrium, have been estimated. The conclusion

is that inviscid flow at the boundary-layer e_%se near the stagnation

point will be equilibrimu for most of the flight cases of interest, but

that the flow in the boundary layer in general wil not be in equilibrium.

The effect of this boundary-layer nonequilibri_um on the heating rate for

a noncatalytic surface has also been assessed in this work. The main
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effect of noneqnilibri_ flow was found [_o be one of' relievJ n<{ the

severity of the problem, the extent of the relief depending upon aero-

dynamic parameters of the vehicle, and the maximltm c]ee_!eration

encountered during the flight. 'I_l_swork considered only surface,; of

zero catalytic effectiveness.

Surfaces having finite catalytic efficiency have been studied

(reference (2)). _is study estimates the effect of surface catalytic

activity upon the heating rate. _e main result of the study is that

even materials having relatively high chemical activity will not allow

recombination of all the atoms which reach the surface, as the process,

particularly at high altitude_ is limited by the diffusion rate of the

atoms across the air boundary layer. It is also show_: that glassy

materials such as quartz will have littie or no chemical activity at

the wall. The analyses outlined in references (i) and (2) consider in

addition to the stagnation point on the bo_y the effect of expanding

the flow over the forward-facing surfaces and give methods whereby these

effects can be readily calculated. It should be emphasized that this

work is theoretical and has not been experimentally verified except in

a rather crude way.

In addition to the previously-mentioned investigations of the

effects of nonequilibrium in the boundary layer, one other investigation

is currently underway which includes the effect of chemical and_ thermo-

dynamic nonequilibrium effects in the shock layer. In this analysis, the

gas in the shock layer is asstmled to be heat-conducting, viscid_ and

chemically reactive. The conservation equations are integrated between

the body surface and the shock wave. U_le objective of this investigation

is to determine the boundaries in terms of flight altitude and flight

velocity between equilibritun and nonequilibrim_ flow in the shock layer

a1_d to investigate the effects of nonequilibrimm chemistry and themuo-

dynamics on the standoff distance and its implications in tezms of the

convective and radiative heating. 0nly preliminary results are av_ail-

able at this t_ae. _l_ese preliminary results do indicate, however, that

the standoff distance is a function of-the bo@y surface temperature and

the body diameter. Z_is is in contrast to the result obtained from t]_,_

inviscid analysis where the ratio of the standoff distance -to the body

radius is essentially dependent upon the enthalpy and the Mach number

only. The reason for the differences between the real gas case and the

equilibrium inviscid 6as case is that when the gas is heat-conducting

and chemically reactin_, the effect of' the wall temperature can be felt

in the shock layer at distances much beyond t,he normal boundaz_y-layer

thickness. _e effect on the convective or radiative heat-transfer

rates have not at present been eva]_uated. In stum_ary, it appears that

the heat-transfer rates to forward-facing s_u'faces, if these surfaces

are relatively smooth and do not contain abm_pt corr}ers, can be

predicted reasonably well.

i _l --u m



If the forward-facing surface does contain corners o__ regions where

the flow expands very rapi_Lly, theol 7 is <mable, at the present time_ to

account for these effects. 'fwo investigations h_z_e been completed in

which these effects have been measured experimentally. One investigation

reported in reference (9) compared the heat-transfer results on the

M-1 configmration obtained in a Math No. 6 low-temperature wind tunnel

with those obtained in a shock tunnel where the flow was at a relatively

hi_<h temperature. The main result of this analysis seems to indicate

that the distribution of heat transfer around a complicated body shape

can be detemined from cold wind-tunnel tests, but that the level of the

data will be altered by the enthalpy of the airstream. The second

investigation is one where the heat-transfer distribution around flat-

faced cone was measured. It was noted that the theoretical predictions

of heat transfer vary markedly from the data in the region where the

flow is rapidly expanding around a corner, and that the measured heat-

transfer rates do not reflect a total magnitude predicted by the theory.

This difference may be due in part to the e_)erimental difficulties or

may be due to the fact that the boundary layer may separate around these

corners_ in which case these effects are not included in the theory.

This investigation is presently in rough-draft form and is listed in

reference (4).

(2) Radiative heat transfer to stagnatio_ region of blunt

bodies - At the speeds characteristic of l_mar return vehicles,

the air in the shock layer is heated sufficiently to cause thermal

radiation from the hot gas to strike the stagnation region of a

body in relatively large amounts. Rough indications of the magni-

tude of the heating were presented in reference (5) and in some

cases, the radiant heating rates can be of the same order as the

convective heating rates. _lese theoretical predictions were

mainly based on the data of AVC0, reference (6). To extend the

AVC0 data to high speeds and over a wider range of densities, the

radiation from the gas cap of small models fired at high speeds

in the supersonic free-flight range have been measured. The thermal

radiation presented in this ficure has been nol_lalized as indicated

by the theory of Kivel, outlined in reference (6). Radiation power

is plotted against flight velocity and it is interesting to note

that the general theoretical predicted trends are borne out by

the experiments. A relatively large degree of uncertainty does

exist in the experimenta_ measurements of these quantities,

and it is emphasized that these results are very new and unpub-

lished. Of particular interest is a group of measurements obtained

in the vicinity of 22,000 feet per second, which lie above the

general level of the majority of the data and the theory. _ese

data were obtained under low-pressure conditions where it was sus-

pected that the radiation resulted f_om an out-of-equilibri_un

situation in the gas cap. The pertinent point here is that these
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values maybe 50 to 40 times those which result from an equilibr%_m
radiati on.

The distrffbution a.f radiation heat transfer around shaped bodies is

in the process of being calculated by tl_ AI{C Fluid Mechanics Branch_

using these radiation data. Ra_Lation heatin_ along the centerline of a

delta wing at angle of attack has been calculated. IT_ese calculations

indicate that the radiation intensity is a maximum at approximately

90 percent of the wind cord. Again it is emphasized that these calcula-

tions are preliminary and are continuing.

In addition to calculation of radiant intensity incident on a body_

calculations of the shielding effectiveness of oblatin_ on absorbing

gases from the surface of the body ha_e been made. These "<'esults Lave

been reported in references (7) and (8)_ and indicate that for cases

where radiation heating is important_ protection may be obtained by

suitable choice of ablation material. In this connection_ an apparatus

to exi0erimentally investigate ablation materials which may be used as

protection against combined radiation and convective heabffn(_ is being

built at ARC. This apparatus consists of a combination arc-wind tunnel

and an arc-image furnace. The model is placed in the test section of an

arc-heated wind tunnel which supplies the convecti ve heating. Radiation

from an arc-image furnace is also focused upoh the _'±'onb face of the

model. _e radiation intensity can be varied independemtl2 of the con-

vective heating rate. _e convective heating rate_ which this apparatus

can generate_ is well within the range encountered by lunar vehicles

and radiation rates_ which can be focused upon the \_o_Iy sur_<ace 5 can als<

-be varied over sufficient range to cover most :t']ight conditions. It is

hoped that this apparatus will be in operation in the n_.ar future in

order to obtain some experimental verification oF the thuories given in

ref'ere_r'_s (7) and (8), and irl addition to inve_tit_atc the properties

of v_ri _s ablators as they are subjected to tad]at:ion flt_<es.

(_) Heat transfer to afterbodies em<:i-sed :h_ _,, separated flow -

Three investigations are currently bein[_ c_rri_-d on at ARC of the

general problem of heat transfer in bo_tLes _mersed in a separated

flow. One investigation being conc]:,_cted in the le]uJd Mechanics

Branch will measure experime_Ttally the _Local hu:;_b "g±'ans.l'erin the:

wake of a two-dimensional bot<y. _e models a_'e arranged such that

_a,rious base configurations <:an be instal3_ud, fi_s_ consist of n.

flat base_ a reentrant base_ and a wec_e-shaped base. The models

have i)een <',oral?fetedand the teuts will be rlm ,_}_ort]_y.

Uff_esecond investigation is one which will measure em_}?erimentally

the base heating and the base pressure di.str:[b_tio_ on mod L!'ied Murcury

calpsnles, gglis investigation will be conducted in tile ARC _12-J_e]i heJ ium

tnmnel_ at Ha,ch n_miloers of from 8 to 26_ and own:' u, _.':_,<_ oi' an_<ics of



attack. The models are completed and the tests will be run as soon as
calibration runs are completed at the ARC12-inch heli_ur_tunnel.

A third investigation, theoretical in nature, is underway which is
aimed at explaining and predicting distribution and magnitude of the heat
transfer in a separated region. The approach used in this investigation
follows the method of Chapman,reference (9), to account for the external
boundary layer and uses an integral method to account for the boundary-
layer growth along the solid body at the bottom of the separated region.
The essentially inviscid flow in the separated region is treated as a
vortex. A balance of momentum,energy, and continuity around the entire
separated region is postulated. Integral methods are used to evaluate
the local distribution. Preliminary results indicate that the distri-
bution of heat transfer in a separated region is given reasonably well
by this analysis. However, the level of the data is not predicted very
well. The theory is being altered to account more realistically for
the actual flow field within the separated region_ and results from
this second attempt should be available shortly u

"±_efollowing references were used during the Amessummarization:

° Goodwin, Glen, and Chung, Paul M.: Effect of Nonequiiibrium

Flows on Aerodynamic Heating During Entry Into the Earth's

Atmosphere From Parabolic Orbits. Preprints, Second Inter-

national Congress for Aero. Sci., Zurich, Switzerland,

Sept. 1960.

. Chung, Paul M., and Anderson, Aemer D.: Heat Transfer to Sur-

faces of Finite Catalytic Activity in Frozen Dissociated

Hypersonic Flow. NASA TN D-350, 1961.

3. Reller, John 0., and Seegmilier, H. Lee: Convecnive Heat

Transfer to a Blunt Lifting Body. NASA TMX-378, 1960.

4. Terry, James E.: Convective Heat Transfer to a Lifting

Flat-Faced Cone Entry Body. NASA TN D-775, 1960.

Yoshikawa, Kenneth K., Wick, Bradford H., and Howe, John T.:

Radiation Heat Transfer at Parabolic Entry Velocity. Joint

Conference on Lifting Manned Hypervelocity and Reent_7

Vehicles. Apr. 1960.

6. Kivel, B., and Baily, K.: Tables of Audiation from High

Temperature Air, Res. Rep. No. 21. AVCO Res. La_., 1957.

7. Howe, John T.: Radiation Shielding of thc Stagnation Region

by Transpiration of an Opaque Gas. NASA _ D-329, 1959.
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. Howe, John T. : Shielding of Partially Reflecting Stagnation

Surfaces Against Radiation by Transpiration of an Absorbing

Gas. Prospective NASA TR.

9- Chapman, Dean R. : A Theoretical Analysis of Heat Transfer in

Regions of Separated Flow. NACA TN 3792, 1956.

Further study is believed needed in the following areas:

(i) One area in need of additional attention for experimental

investigation is the heating on control surfaces. Other significant

areas are being pursued as rapidly as existing techniques allow.

(2) Determine the relative importances of the unknowns in the

heating area by relating estimated "ignorance" factors to resulting

weight penalties in the spacecraft.

(5) Evaluation of radiant heat inputs and their effects upon

the ablation heat shields.

(a) Calculation of magnitude of radiation loads using

most pessimistic assumption for lunar mission and assess

importance in terms of heat-shleld weight (assuming no non-

equilibrium effects).

(b) Tests of ablators subject to these combined loads to

determine ablation rates to check current theories.

(4) Heating on control surfaces.

(a) Methods to predict control heating in shear flows.

(b) Wind-tunnel tests at high Math numbers to obtain

methods (even crude ones) of prediction.
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Ames Research Center Efforts in Guidance and Control

Applicable to Apollo

Preliminary studies have been conducted to determine the problem of

ranging from a partially illuminated disk. These studies indicated that

by use of concentric rings in the field of view the center of the illumi-

nated disk cotuld be measured manually to within 3 seconds of arc. The

results of studies of altitude disturbances causedby passenger movement

indicate that crew movements provide very little net disturbing torque.

Broader coverage of many pertinent research programs appears in the

Ames Report on Research of Interest to the NASA Committee on Control 2

Guidance, and Navigation, dated September 27 to 28,'1960 by Mr. Howard F.

Mathews. Another reference is Ames Research Projects in Support of the

Manned Lunar Mission, dated May 1960 by Mr. Alvin Seiff.

a. Pilot's effectiveness in controlling a reenterin_ lunar

vehicle.- Analog simulator study with pilot in the loop to control

lift and bank to achieve point landing from visual d_splay of

vehicle maneuver capability footprint. 0nboard computer uses Chap-

man equations and assumes measured or computed values of present

position, velocity and acceleration. Pilots have achieved good

controllability and outlined areas of critical control sensitivity

particularly near overshoot boundary. This is a continuous predic-

tion technique and a fixed or reference trajectory technique has

been set up and is now being run for comparison.

STATUS: Report in editorial. Will be extended to skip maneuver

and higher L/D.

b. Longitudinal range extension by skip reentry _m_neuver.-

Analytical and digital computer study of reentry in two dimensions

when skip to 400 miles (safely below radiation belt) is permitted.

Complete dynamic equations: L/D = ±0.5 and L/D = +-2 cases completed.

Nonskip range of 2,000 to 5,000 miles extended from 2,000 to

16,000 miles for undershoot boundary entry, and up to slightly over

one orbit at overshoot boundary. Exit angle and velocity are quite
critical.

STATUS: Two dimensional writeup available. Extension to three

dimensions and rotating earth contemplated.

c. Effect of lateral and longitudinal range capability on

the reentry window for the lunar mission.- Analytical study of

allowable variations of reentry time and orbit inclination per-

missible for point landing as a result of ±500 miles lateral and

from 2,000 to i0,000 miles longitudinal range capability.

STATUS: Initial results available as curves.

d. Reentry corridor modification by continuous variation of

lift and drag.- Digital computer study. Desirable deceleration
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investicated. RMo-dimens_ona.lstudy so far" with _ exter_._.ionof
Chapman'sanalysis. IIeati_n_effeeI,_ cousidered. Trade-of'fs for
increased corridor width.
STATUS:Report in preparation. Investigation continuing.

e. Abort ve!ocLty re_uiremenLs for the lunar mission.-

Am_lytic_l stuc_y of abort vcloci.ty requirements for the Saturn

l_maar boost trajectory. Severe fuel peualty when burnout occurs

at hit,her altitude or w_,locity, or larger flight-path angle.

STATUS: Report in pro{{ress. No further work planned.

f. Inecti,al _uidance stability and accuracy for midcourse

and reentry from the lunar mission.- Digital computer investiga-

tion of inertial system with onboard or earth-based corrections

from 60, O00]_n to touchdown.

STATUS: Preliminary analytic'eL work.

g. Pilot's ability to control in zero and hi@h _ environ-

ments.- Experimentsl investigation of human pilot ability to

perform meaningful control basks in high g centrifuge environ-

ment and in low and zero g flight tests.

STATUS: Johnsville centrifuge tests in April. Zero g tests in

F-IO4B Flight Test Center in March.

h. Manned air-bearing capstmles.- Experimental investigation

of attitude control of manned capsules in low-friction air-bearing

supports. Control_ stabilization and instrumentation system

research.

STATUS: Limited three-degree-of-freedom iron cross operational

soon. Nine-foot sphere under construction.

i. Thrust requirements for time of arrival and orbit

inclination variation with constant perigee.- Use of Kepler's

equation for impulsive thrust trajectories. Also, treatment of

L/D variation to modify itu_ar reentry trajectories.

STATUS: Curves available. Will be incorporated in ARS smumary

paper by Eg_:ers.

j. Midcourse guidance using onboard measurements with

smoothing.- Analytical study of methods of determination of

present state from onboard measureme{H;s, prediction of future

states, folvnulation of guidance laws. E,_tension of optimai

linear filter theory. Nea:_urements contsmlinated with statistica3.

noise.

STATU_: D i_git_,l computer inv(,<_ti_{ation being programed.

U3
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k. 0nboard pilot observation and computation_ emergeqcy

midcourse navi@ation technique.- Conic trajectory determination

by pilot from photographic sighting and hand computation a

possible emergency mode.

STATUS: Photographic reduction and hand computation achievable

in reasonable time. Accuracy being investigated.

Z. Midcourse trajectory measurements and error analysis.-
Conic trajectory determination by various measurements with
instrumentation errors.

STATUS: Closed form geometric data available. Time measurement

iteration schemes being investigated.

m. S2ace vehicle mttitude control studies.- Analytical,

analog, and experimental investigation of inertia wheels_ inte-

grating gyros, current coils, micro jets, and twin gyros for

attitude control of satellites - space fixed Orbiting Astronomical

Observatory - earth pointing Nimbus.

STATUS: Inertial wheel report issued _SA TND-691. Magnetic coil

report in preparation. Gyro report in preparation.

Twin gyro preliminary analytical work. Micro jets -

preliminary experimental work.

n. Manual onboard optical trackin6.- Experimental investi-

gation of accuracy in measuring angle to center of a disk or

crescent from a reference direction by using a pilot-operated

theodolite mounted on a stable platform; and in turn supported

in a large gi_al structure to simulate spacecraft motions.

STATUS: Preliminary measurements from a fixed base indicate

probable accuracies of about _ seconds of arc.

o. Ground-based optical trackin_ with T.V. system.-

Experimental investigation of possibility of optical tracking of

a lunar vehicle using a 12-inch telescope and T.V. system employ-
ing an image orthocon.

STATUS: Equipment due by March.

p. Automatic star-tracking e_uipment.- An analytical and

experimental investigation of principles and techniques for

automatic onboard star tracking for space vehicle guidance and

attitude control_ using various types of primary sensors_ scan

methods and gimbal arrangements.

STATU_____S:Preliminary work in progress.

q. Spacecraft attitude disturbances due to passenger move-

ment.- An analytical study of space vehicle motion resulting from

passenger movements within vehicle.

STATUS: Preliminary curves available.
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r. Lunar trajectories and Ix)int return.- An analytical and

digital computer study of direct ascent circumlunar trajectories
with return to a specified landing area. Practical constraints on
time and direction of Saturn launch from AMR considered in detail.

Guidance sensitivity and fuel requirements studied.

STATUS: Writeup available.

s. Lunar mission nonretro_rade trajectories.- A simplified

analytical study of lunar orbiting trajectories that are not retro-

grade. Overall mission using salvo launch of two Saturns for

rendezvous and a lunar landing is explored.

STATUS: Report ready for editorial.

t. Rendezvous terminal _uidance.- Analytical study of a

proportional navigation homing technique for terminal guidance.

Based on position and velocity data.

STATUS: Report ready for editorial.

u. Rendezvous thrust requirements.- Analytical study of

impulsive thrust for rendezvous.

STATUS: Completed.

Additional Apollo-related work in progress at ARC includes:

Simulation studies to develop a concept for a terminal guidance

system including displays_ controls and an autopilot. One of the

objectives is to determine how well a human subject can control the

reentry vehicle.

Since the flight regime is restricted to within the atmosphere_

the relatively simple Chapman equations can be used for simulation and

prediction. The inputs to the system are calculated accelerations. A

null display of the "footprint" on the earth type is used. The opera-

tor's task is to keep his desired landing spot as near as possible to

the center of his maneuverability "footprint." Accuracy is within

about 5 percent of the excursion from the null.

Refer,_nce was made to the following recent Ames reports considered

to be of interest in the Apollo studies:

I. Creer, B. Y., Smedal_ H. A._ Wingrove_ R. C.: Centrifuge

Study of Pilot Tolerance to Acceleration and the Effects of

Acceleration on Pilot Performance. NASA TN D-537, Nov. 1960.

2. Smedal_ H. A._ Creer, B. Y._ Wingrove_ R. C.: Physio-

logical Effects of Acceleration Observed During a Centrifuge

Study of Pilot Performance. NASA TN D-345_ Dec. 1960.

-I I ,,
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3. Smedal, If. A., Holden, G. R.; Smith; J. R._ Jr.: A Flight

Evaluation of an Airborne Physiological Instr1_entation System,

Including Preliminary Results Under Conditions and Varying Accele-

rations. NASA TN D-391_ Dec. 1960.

Langley Research Center (LRC) work in Guidance, Control and

Rendez vous:

a. Aero-Physics Division -

(i) Trajectory Analysis of Reentry Vehicles with Real-

istic Drag Polars (based on tmmel tests of L-series bodies)

at escape velocity. Includes multiple pass and parking orbits.

Also lifting Mercury. In progress.

(2) Nmnerical calculations of the atmospheric portion of

lunar return trajectories with and without lift modulation.

(5) Calculations of accessible landing areas for lunar

return vehicles of various modes of operation.

b. Applied Materials and Physics Division -

(i) Attitude Control Systems for Space Stations and Lunar

Mission Module.

c. Aero-Spaee Mechanics Division - Eli@ht Mechanics Branch-

(i) Midcourse Guidance for Rendezvous.

(2) Launch Conditions and Trajectories for Rendezvous _d

Return. Being published as NASA TR.

(_) Abort Procedures During Saturn Lamach. Covers choice

and consequences of various methods of applying abort fuel in

i <_ _ </_. Report now in editorial stages.

(4) Evaluation of Several Methods of Interplanetary

Navigation. A comparison will be made on the basis of

accuracy and equiI_ent required. The methods thus far con-

sidered differ chiefly in the nature of the celestial bodies

observed. One method re_ires the observation of two stars_

the sun and one planet; and a second requires the observation

of the mm and three planets. Both of these methods rec!uire

_icasuremenl; of time as well as an_le between bodies. A tl_rd

method is being considered which does not re_lire time to be

measured.
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d.
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Guidance and Control Branch -

(i) Investigation of a Three-Degree-of-Freedom Attitude

Control System for a Satellite Vehicle. System analyzed in

NASA TN D-626 is mechanized on an alr-bearing platform.

Presently, servocontrol of magnet is being extended to allow

control about any axis.

(2) Study of a Wobble Damper for a Rotating Space Station.

Analog computer studies are being made, and an inertial

simulator is being built _ider contract to study dmuping of

oscillations of a rotating space station. Simulator to be

constructed by July 1961. Gyroscopic precession is used to

supply the control torques.

(3) Lateral and Longitudinal Range Control for a Vehicle

Entering the Atmosphere of a Rotating Earth. Analytical

studies completed of ent_7 from orbital velocities using

altitude control to a reference trajectory and lateral con-

trol as a function of heading error. Accurate control possible

to about 85 percent of range capabilities of vehicle.

(4) Reentry Range Control Using Terminal Controller

Techniques. Ana!_%ica! study c_npleted of range control using

a linearized prediction technique. Report is in preparation.

This method appears promising and will be extended to include

lateral control_ and entry from parabolic velocity.

(5) Guidance of a Space Vehicle Approaching a Planet

along an Entrance Corridor. Stu_ _ of NASA TN D-!91 is being

extended to include use of dead bm_d in guidance logic to

reduce corrective velocity required. I_esults indicate that

dead band reduces accuracy with iittle_ if any_ saving in

fuel. Results to be discussed in paper for AAS in Dallas_

Texas, January 17, 1961. Further plans include study of

effect of instrument accuracies.

(6) Determination of Conditions for an Attempted Soft

Lunar Landing and Retu_'n to an Orbiting Vehicle. Analytical

studies of penalties associated with simplified techniques

for lunar soft landing and return to orbiting vehicle.

Reports in preparation.

(7) Analog Simulation of a Pilot-Controlled Rendezvous.

Analog simt_ation of terminal phase (last _0 miles) with

six-degree-of-freedom. Report in preparation.

........ _TIT/I T

J-
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(8) Automatic Control of the Tenniz_.a! Phase of a Rendez-

vous. Analog computer studies of t_7o-control techniques for

terminal phase (last 50 miles). Control tecb_'_ique uses

correction to place ferry vehicRe on coiliston co_rse_ then

a braking phase using col%inuous or in te_u_ittent t1_rust.

Report in preparation.

(9) Study of Time Req_ired i;o Detect Motion of Objects

Moving on a Contrsstin_ Background. Use of optical tech-

niques to detect anc_ular rats oC line-of-sight is bein_

studied with application to pilot control of a rendezvous.

(i0) Ana!3_tical Investigation of an Adaptive Control.

Analytical and analo{ _t_u_>_of an adaptive control which

adjusts system gain to maintaim co1_stant response to a

sinusoidal test signs3.. Application to aircraft and la<u_ch

vehicle control studied. Repor< i_ pre_)aration. Method

appears highly satisfactory.

(ii) Investigation of Stability and [_plo_ument Character-

istics of a Drag Br_e for tbe Herc_D, Caps-cule. A_al_tical

study in progress of a device similar to a kite tail intended

to reduce time in orbit in case of [_aiiure of retrorockets.

e. Theoretical Mechanics Divi_ion -

(i) Stability and Control of L_:uiar Reentry Vehicle Con-

figurations. A st_1_ _ of 0¢u_o_ic stability characteristics

(lateral, longitudinal, and '.i'i_<-degree-of-f'reedom) and

aerodynamic control effecti_,eness parameter_: is being made

for earth-entry condition,s. Of foyer l,_{C-pr_:posed

configurations_ considerable re:_<_].t_have been obtained to

date for the L-I vehicle.

(2) Manned Control of Lu_uar Vehicles During Earth Entry.

A man-controlled analog-sim_uiator investigation is to be

made of control and guidance problems associated with earth

entry for several possible Apollo config_'ations l'rom a

lunar orbit. C_rrently work is proceeding on the analog

program and instr_u.nent p_e].

f. Instrument Research Division -

(I) A Study of Tracking Problems, Equipment, amd Accuracy

Requirements.
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(2) E×perimenta! Study of Optical Measurements. Will use
a telescope having a diap_ag_ and a split image to measure
the sun's disk_ the moon's disk_ and two close stars. Will
investigate limits on diffraction of optical systems at
different ends of the ligl_ spectrum. Also alinement accuracy
based on (known) resolution.

Flight Research Center (FRC).-

a. Current progrs_is .-

(i) A study of factors affecting the pilot's capability

during exit sad reentry conditions of rafting severity is

planned utilizing the performance capability of the

X-ID airplane. Flights durinc the expansion of the airplane

envelope will provide the opporttmity to obtain data for this

investigation. Later tests specifically for this investi-

gation will be made to more extreme exit and entry conditions.

About _ minutes of zero g can be obtained with the large

engine version of X-I_.

(2) A progr_u to investigate the reaction control require-

ments for space vehicles is being conducted using F-f04 and

X-I_ airplanes. Reaction control systems being investigated

are: on-off_ proportional_ reaction-control augmentation_

and rate command. During the progrs_ with the F-f04 airp!ane_

dynamic pressures of the order of 6 ib/sq ft have been

obtained. The X-I_ program wil! begin in the spring of 1961.

The reaction control systems used will have a maxim_n t_ust

of 90 ibs. _xim_ altitude reached for the F-I@_ tests was

87,000 ft.

(3) Supersonic and hypersonic handiing qus_ities are being

studied using the X-iD as the research vehicle. Also_ a

comparison of theoretical_ wind t_nel_ and flight stability

and control derivatives will be made over the fligI_-enve!ope

capability of the airpl_e. Comparisons up to a _%ch number

of _.0 have been made _d show _ood agreement.

(4) The effect of extreme altitude and zero g environ-

ments on :_ystems is being studied using the X-15 and

F-IO_B airplane. Tests_ to date_ have used the F-iO!!B air-

plane. A number of equipment problem_ have developed m_der

these conditions.

(5) An adaptive control system is being developed by

Minneapolis-Honeywell Regulator Co. for the X-ID airpl_e.

Several modes_ i.e._ f_ly adaptive_ rate con_nand_ nominal
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acceleration command, and altitude hold, will be available

for evaluation in flight by the pilot. The system has already

been evaluated on the X-15 six-degree-of-freedom flight simu-

lator. With this system the handling qualities of the air-

plane were greatly improved. Flight tests are scheduled to

begin in September 1961.

(6) A continuing program of FRC concerns the assessment

of simulation requirements in various flight regimes. Pilot

opinions of airplane handling in various regimes_ including

the extreme semiballistic trajectories of the X-15, will be

correlated with ground simulation in an attempt to better

define simulator requirements.

(7) A broad study is being sponsored by WADD to define

the energy-management system requirements for various space

vehicles. If feasible, the system resulting from this study

will be tested in the X-15 airplane. Also, the determination

of terminal-guidance requirements and the landing character-

istics of low lift-drag ratio configurations is being studied
at the FRC.

(8) Measurements of physiological information on pilots

during flights to extreme flight environments are being made

in an attempt to correlate pilot performance, opinion, and

workload, and also to determine the effects of extreme flight

environments on the pilot. Both X-I_ and F-f04 airplanes
will be used to provide the desired environment.

(9) Flight evaluation of a ball or hot nose as an air

data source is being conducted. Comparison with more

conventional sensors is in progress.

(i0) A variable stability airplane (F-IOOC) in which the

pilot can change the stability and damping over wide limits

is being used to study the control problems associated with

the X-15_ Dyna-Soar_ and other vehicles.

(ii) A program has been initiated to investigate the con-

trol requirements of the Dyna-Soar vehicle using an analog

simulation of control conditions to be expected during the

Dyna-Soar trajectory. Preliminary results indicate that the

basic Dyna-Soar vehicle control is marginal over much of the

angle of attack (0 ° to 50 °) and Maeh number (0.2 to 20) range

capability of the vehicle. This is attributed, primarily_

to very light damping and severely coupled motions resulting

from aerodynamic control coupling_ dihedral effect_ and

n



coupling due to a_gle of aLtack. Simple rate dampers made

the vehicles controllable in most regions_ but adverse control

moments and coupling made precise maneuvering difficult.

However_ an adaptive control system with rudder interconnect

provided near-optimum hendling characteristics over the operat-

ing envelope of the vehicle.

(12) A study of the display requirements for the accurate

stabilization of a piloted vehicle being used as a platform

for astronomical observations has been initiated. Quickening

is being studied as a means of increasing the efficiency of

the pilot Manual Control System.

b. Completed programs .-

(1) Simulator investigatio_ of Orbital Rendezvous

Problems - NASA TN D-D1!.

(2) Utilization of a Pilot in the Launch and Injection of

a Mu!tistage Orbital Vehicle. Reports published:

IAS Preprint No. 60-16 and U.S. Air Force NASA Conference on

Lifting Manned _lypervciocity and Reentry Vehicles - Part II,

Paper 20.

(_) Review of Techniques Applic_ole to the Recovery of

Lifting Hypervelocity Vehicles. U.S. Air Force NASA Confer-

ence on Lifting Manned l_pervelocity and Reentry Vehicles -

Part I_ Paper 20.

(4) Simulator Studies of Jet Reaction Controls for Use

at High Altitudes - _MH58GIa.

(5) Flight Controllability Limits and Related Human

Transfer Functions as Determined from Simulator and Flight

Tests. Proposed NASA TN.

(6) An Analytical Approach to the Design of An Automatic

Discontinuous Control System. Proposed NASA TN.

(7) Controllability of the X-15 Research Airplane with

Interim Engines During Hi_h-a!titude Flights. Proposed
NASA TN.

MSFC Apollo-related Guidance and Control efforts:
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a. Attitude Control Systems.-

A series of feasibility studies have been made towards the

stabilization of vehicles in space environment. The systems

studied are based on stabilization by inertial flywheels plus

expulsion devices. Originally the studies were based on the

24-hour s_tellite application which had uni_le problems of

its own_ b_t essentially the results of the studies are

applicable to Apollo. For the 2_-hour satellite_ power and

weight were of utmost importance plus the fact they were to

operate in vacuum. Theoretical analysis, simulations, and

later, the design and construction of instrumentation to be

mounted and tested on the satellite motion simulator was

accomplished. At present a single-axis system is working on

the simulator and a three-axis system sho_d be operating in

February 1961. From these studies should develop complete

design specification for attitude control of vehicles of

three different weights.

Two developments in instrumentation are at present going

on. These are:

(i) Transistorized commutator motor (brushless) which

will operate in vacu_n.

(2) Magnetically-suspended spherical flywheel. A ring-

shaped model is working _t present in the laboratory.

In addition, a number of engineering programs are going

on in the field of attitude sensing such as horizon stellar

sensors for attitude determination and navigation. Contract

with Barnes Engineering Co_any has been initiated to develop

a universal horizon seeker which gives attitude sensing and

altitude. Another is a feasibility study and contractual

supervision of a lateral velocity over altitude meter (V/h).

b. Inertial E_uipment.-

A four-gimbaled inertial platform is being developed and

a prototype model will be built this year and should be

tested and flown as passenger on SA-III or SA-IV.

c. Guidance Theory.-

Most of the work done in this field is that due to

Dr. Hoelker s_d his group in the Aeroballistics Division.

The system as being developed there is to be _u_iversal in
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that i_ will adapt itself to wide variations in flight condi-

tions such as may _li_e in a multiengine aI_d multistage

rocket system with fuel minimized. The development involves

s_: enolT_1ous computation program and has not been worked out

in full detail. The pertinent equations are in series form

and from this arises the instr_mlentation problem - _low many

terms of the series are necessary for t_fe required acm_acy?

This determines the size of the onboard computer. The system

is being extended and applied to midcotLrse navigaZion and

reentI_y into the earth's atmosphere. The system should be

more completely defined in ) to 6 months. The engineers in

Guidance and Control Division have made a preliminary study

on instrumenting the system_ and indications are that the

computer requiremenZs will not be unreasonable.

For application _o midcours% Dr. Sch_Itz-Arenstoff is

adapting the s_:_e methods for the complete orbit from

injection to reentry. _l'_iswill require about 6 months.

A separate stuff is being made of the reentry phase both

in Guidance _7_d Control Division and in +_he Aeroballistics

Division. These studies are based on a path-control

tec_-niqu% and involves a rather simple system compared to

the adaptiw_ t_q_es. Fi_'st results indicate an accuracy of

-+19 kilometers.

A block diagr_n for the Saturn guidance system was pre-

sented which also included the _enerali:_ed guidance

equations. (See fig. i.)

The reference of the foil_owing reports was no_ed:

(i) Kenuel_ Hans F._ and Drawe, u. ]_ : _=,_,_,L_mlLb< Study

of sI_ Attitude Control System For Space Vehicles.

Rep. No. DG-_I-17-59_ Arr_/ Ballistic Missile Agency_

(i_edstone .... n_ Apr. 6, 19_9.

(2) de F_ie;_, 7_. j. : ]l<:r_:;onoens_' P_r_'ormance in

Measly'lag A] t:it:u_e Above the Moon. NASA George C.

Marshall Space Flight Cen!er, Jul. 15_ 1960.

(_) Hartbatm b Dr. _e1_ut K.: One-_ucis Radio Attitude

Sensor. ]_eps. Nos. TWP-M-G and C-I 60_ i_SA

George C. _hrshail Space Flight Center_ Sept. 8_ 1960.



(4) de Fries, P. J.- A_alysis of Error Progression in
Terminal Guidance for Lunar Lsmding. NASAGeorge C.
Marshall Space Flight Center_ Sept. 19; 1960.

(_) Webster, Jolm L.j and Schlitz, Dav:id N.: Study of a Simpli-
fied Attitude Control System fox' a 24-Hour Satellite.
Reps. Nos. M-NN-M-Gand C-7-60_ NASAGeorge C. Marshall
Space _light Center_ Sept. _0, 1960.

(6) de Fries_ P. J.; Guidance Concept for Lumar Landing_
NA:I;AGeorge C. Marshall Space Flight Center,
Oct. i0, !960.

(7) Hoelker_ R. F.: Theory of Artificial Stabilization
of Missiles and Space Vehicles With Exposition of
Four Control l_'inciples. Rep. No. _2P-M-AERO-60-7,
NASAGeorge C. Marshall Space Flight Center,
Nov. 7, 1960.

(8) Anon: Temninal Phase of Soft Lunar Landing (Data
Sheets). NASAGeorge C. Marshall Space Flight Center,
Nov. 1960.

(9) Webster_ John L., and Schultz; David N.: A Three-
Axis Study of a Flywheel Type Attitude Control System
Progress Report. NASAGeorge C. Marshall Space Flight
Center. Jun. 30, 1960.

(I0) Webster_ John L., and Sehultz, David N.: Progress
Report Space Vehicle Attitude Control Systems Analysis.
NASAGeorge C. Marshall Space Flight Center.
Feb. i_, 1960.

Jet Propulsion Laboratory (JPL) noted that the JPL Space Progress
Summariescontain a full exposition of J_L's Apollo-related Guidance
and Control efforts and then proceeded to discuss the Guidance and
Control for Ranger, Surveyor, Mariner and the Mars l_'obe.

The Attitude and Control System is essentially the same for all

three vehicles. It consists of cold gas_ _2 jets _t 15 psia. The

solenoid valves are operated in an on-off fashion. Control is by means

of rate gyros amd sun and earth sensors. N 2 is stored at _000 psia

and is dropped to the nozzle pressure of 15 psia through a single-stage

pressure reducer. M_x_aum angular accelerations are low_ on the order

of 2 X i0 -4 radius/sec2.



The Sml _id Earth Sensors will be arranged about the spacecraft

in such a way that there is o_ly one attitude which will produce a

simultaneous mull in _J.1 sensing arrays. "Cl,_o.Lzex" photocr,nductor

cells will be used which have been precision matched for temperature

ch_a,acteristies. Nortronics is producing_. primo,ry sensingr oassemblies
(deoigned by JPL) which have an angular accuracy of ±0.0) • These

sun sensors consist of a matched pair of photoconductor cells; each

of which is partially shaded by one end of a "shadow Lax'" which is

raised above the surface of the spacecraft. At null_ the photocells

are equally illtuuimated. One assembly is used for roll_ one for yaw.

Earth-sensing is accomplished by an array of three photomultiplier

tubes ax'ranged in a triangtular pattern and each partially shaded by

a "T"-shaped shadow bar consisting of a staff and a crossbar pax'allel

to_ and sli6htly raised frora_ -the spacecraft surface. _,_o of the

photomtultipliers are located on the spacecraft sin-face below the
intersections of the edges of the staff and the crossbar of the "T".

The third photomultiplier is located on the surface of the spacecraft

at a point equidistant from the other two and. such that it is half

shaded by the side of the crossbar opposite from the staff. The

photomultiplier outputs are chopped, demoduiated, then s_ms and

differences are combined to provide control signals for roll and for

earth-pointing antenua s_linement. One interesting feature of this

system is that it will function even when the earth is not completely

illmminated. This is due in part to the fact that the antenna beam

width includes the entire earth disk at any appreciable distance.

Other secondary sensors will be located about the spacecraft to

provide course control for earth_ sun or star acquisition.

The same system will be used for both Mars and Venus except that

for Mars a star reference will be used since the earth is poorly lighted

as seen from an earth-Mars trajectory. While near earth, a star close

to the ecliptic pole will be used and near Mars; Mars will be used.

The star-Mars reference would be used for roll control and a stored

progr_ woudLd be used for control of the earth-pointing antenna.

_[[dcourse corrections are initiated by radio co_aand from earth.

The spacecraft will perfoz_ a pair of single-axis_ gyro-supervised

turns_ then thrusting will commence. The midcourse engine will have a

thmust of .%0 ibs. Control is by means of foul' vanes in the jet servoed

to the gyros so as to null o.n[D£tar accelerations. After tlLrusting_ the

system wotfld automatic_<Lly revert to the reacquisition and cruise mode.

The following studies are beind conducted by STG in support of the

Apollo Guidance and Control requirements. These studies are in an

early phase at the present tittle.
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a. Predictor-type Guidance Sche_le for Abort and Reentry

Navigation.- ContrAsts of a prediction computer solving simplified

equations of motion of reentry and display bo the man a "footDrimt

or fan." This mcheme is being investigated for use in control!in[_

skip.

b. Apolio Abort Separation Stud_.- This study is intended to

determine the effect of lift and engine gimbaling arrangements on

abort thrust level and impulse requirements.

c. _o-body Prediction >iidcourse Guidance Study.- Determi-

nation of system accuracy and fuel consumption.

d. Preliminary L_1_mr Landing Study.- Determination of guid-

ance system to effect a lunar landing.

e. Position Computer Stud_.- A mechanization of a system to

provide position and velocity information.

A brief discussion of the objectives of each of these programs was

given. The intended result is to obtain a complete guidance scheme that

can be evaluated for error propagation.

A number of suggestions for Research and Development required for

Apollo were discussed, including:

a. An "absolute emergency" navigation system in which the

crew world use only a land camera and a sliderule.

b. Can radio r_ging be used to reduce the accuracy require-

ments for celestial observations? Would such a composite system

fall within the limits set by the Apollo guidelines?

c. It was noted that studies had been performed on the effects

ot crew _tions within the spacecraft on attitude alinement and

control requirements. The effect was foLmd to be quite small.

Such a study might also be conducted for rotating machinery

onboard.

d. Problems of planet tracking when the planetary disk is

only partisAly illtmninated must be studied further.

e. A study should be made of the transient effects of guid-

ance updating by external information.

f. The effects of artificial g configurations on obser-

vation and guidance should be investigated.
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g. It was suggested that a "how goes it" or mission progress

evaluation display sho_uld be developed for the crew suitable for
au entire mission.

h. An abort guidance scheme is needed including an abort

decision computer and pilot display. It was noted that

Willi-c_ Roger Teague has been working on an "abort sequence"
scheme.

i. It was suggested that earth-orbit evaluation of the

position computer input be accomplished in a highly eccentric

orbit (500 to i,000-mile perigee_ 60, O00-mile apogee).

..I ..... _L._JJ_ ,
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SECTION VI

EXCERPTS FROM

PROJECT APOLLO M_JTES OF MEETING

OF

TECHNICAL LIAISON GROUP - CONFIGURATIONS AND AERODYNAMICS

January 12, 1961

Ames Research Center

Moffett Field_ California
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a. Space Task Group (STG).- A short motion p:icture w_,s sho_m of

the hard surface and water landings of a lenticular model. Horizontal

landings were made d:ire<_tly on the curved heat shi.eld. The mode]_

behavior during hard surface landings indicate landings of this nature

to be feasible but violent motions resulted upon water impact. Most

of the group _elt this reentry vehicle presented a promising la,n(]_m 6

concept and ws,rrant, ed further inve_:tigation.

Apollo Working Fn.per No. i006, entitled, "An Analysis of the

Errors in Position Given by an Onboard Immar Navigation System Using

Observations of Celestial Bodies" was referenced.

b. Ames Research Center (ARC).- Projects pertinent to the Apollo

mission. The configuration,_ investigated to date inc]ude:

(i) Mercury-type <;ap_ule

(2) Ames M-i

(3) Ame_ Z-2

(4) Ames flat-faced cone

(5) Disk-type (lenticular)

(6) Dyna-Soar and other winced configurations

In addition, some aerodyn_mic tests of boosters considered to be

of interest were included.

'l_e Ames M-I has re_eived more extensive inves<igation of the

configurations, and most of the results are pre,_ented in a.n in-house

report. It was noted that little emphs, sis at Ames has been directe<_

toward% investigations of parachute landing sy_'_[,ems o

c. Ms,rshali Space Flight Center (_4]FC).-. The primary effort

concerning the Apollo vehicle is the nerodyn_-mmic ::,ngluences of' vn,rU_,_s

Apollo shapes on the booster _]urJ.ng ascent. A preflimJnary L'tudy hn_:

been made of a sphere-frusttun configuration with conbro] flaps. A.l_:e

discussed were the aerodynamic ch,srncteristi<_s of <_pheri_-_,]]y b]unt_,_i

cones. Aerodyn_mnic design charts have been prepared :for sphericsJl.ly

blunted cone'._. These darn, were taken from both published and un-

published wind-turunel data, and_ where possible, were compn.red to

_x_sting theorie;._. Hypersonic values as predicted by the Newg:mL,_n

theory wero also ]ncJuded..
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d. Jet Propulsion Laboratory (JPL).- The status of work at JPL

pertinent to configuration and aerodynamic group activity was outlined.

JPL is engaged in the development ar_d operation of unmanned lunar, _

planetary and deep space probes. The aerodynamic research and develop-

ment at JPL is concentrated in the following subjects:

(i) Entry into planetary atmospheres from both hyperbolic

and elliptic orbits

(a) Mars hyperbolic entry

(b) Venus hyperbolic entry

(c) Return to earth of lunar material samples

(2) Aerodynamic constraints on spacecraft from launch to

injection

(3) Advanced gas dynamic research

e. Langley Research Center (LRC).- Work now in progress or

proposed at Langley pertinen_ to Apollo is divided into the following

general categories: trajectories and rendezvous; guidance and control;

instrumentation and data transmission; propulsion; auxiliary power;

configurations, reentry aerodynamics, and heating; structures and

materials; dynamic loads; environmental hazards.

Langley configuration studies were briefly discussed.

(I) The Langley configuration studies (for the reentry

vehicle) began with four basic shapes designated L-I, L-2, L-3,

and L-4 and were selected so as to encompass widely varying

shapes with the hope of exposing any major advantage or disad-

vantage of a partict_ar approach. All vehicles were designed to
i

have hypersonic (L/D) of the order of _, internal volumes of
3 max

the order of 350 ft , and maneuver, trim, and control capability

from the angle of attack for (L/D)max (lowest _ limit) to

angles of attack up to and in some cases beyond 90 ° angle of

attack. The current versions of these vehicles are sketched in

figure l; all have undergone changes and fixes as the result of

problem areas exposed in earlier tests, and all the versions

shown here have been tested hypersonically.

The L-ID vehicle is an outgrowth of an extensive parametric

study of both round-bottom and flat-bottom half cones begun about

i year ago, in which such features as face cant, cone half angle,

r ¸ .. ---_ A _
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etc., were studied. To give an example of problem areas that have

been encountered and remedied by fixes in the course of tests of

the L-series vehicles, figure 2 shows how sweeping the flap-hinge

line on the L-I type eliminated most of the adverse yaw generated

by roll control.

The L-2 vehicle was included in the overall program because

there was some early feeling based on preliminary estimates that

this approach might prove to be the lightest vehicle, and

secondly, this approach tended to take advantage of any Mercury

technology that appeared suitable for the Apollo mission. Para-

metric studies of face and corner radii and flap sizing have been

made and are continuing on this approach. It shouJ_d be mentioned

here that the letter designations A_ B, C, etc., sho_m in figure i

affixed to a vehicle designation, do not imply that only a cer%sin

number of modifications have been explored; for example, while

L-2C is the currently selected version of the L-2 type, versions

L-2 through L-2E have been tested (the original version of any

type had no letter suffix).

The L-3 approach was included since a delta-shape reentry or

lifting face was found in preliminary heating studies to give the

lowest total heat load; further, the heating and aerod_lamic

characteristics have received considerable study. The implication

here was that this approach might prove to be one of the lightest.

The L-4 approach was built primarily aro_md a catering toward

what was felt to be the most efficient stacking and packing of

equipment, etc. In this connection, layouts of the equipment

were made with sufficient accuracy for all vehicle types to insure

that the internal volume and vehicle size were reasonable, and to

determine the region within _lJch the center of gravity might be

reasonably positioned.

(2) Vehicles L-5 and L-6 were slenderized L-I types, having

i
(L/D)m_x values of the order of i and l_; both were eliminated

from further study early in the program. Two vehicles have been

added to the progr_mm recently. These are a STG proposal of the

lenticular type which f_C has designated L-7, and the bllmted

full cone proposed by the MZFC which LRC has designated L-8.

Both L-7 and L-8 have undergone some tests at LRC; these vehicles

are shown in figure 2.

(3) Vehicles L-I through L-4 are envisioned as reentering

at high angle of attack with a nominal L/D of the order o_ 0.3

or so and by varying _ and L/D and maneuw_ring, wo_Id make



the necessary corrections to reach the desired landing point.
The landing system proposed for these vehicles is a paraglider
final descent (beginning at high subsonic speeds) with a para-
chute backup system. The paraglider would makea flare landing
with the order of a foot or so per second vertical velocity and
about 30 to 40 ft/sec horizontal velocity (no wind). In the event
that landing as madewithout flaring (emergencycondition)_ ma_:-
imumvertical velocity would be about 16 ft/sec and maximum
horizontal velocity about 60 ft/sec (with 30 ft/sec wind). The
L-8 vehicle envisions much the ss_nelanding system as the L-I
through L-4 systems, but reenters at small angle of attack, and
its pitch and yaw maneuversare limited to about ±ii °.

The L-7 vehicle is envisioned as entering at fixed attitude
(L/D _ 0.3) and with no employmentof aerodynamic controls during
reentry. Whenlow speeds are reached (high subsonic or low
supersonic) rigid surfaces are unfolded from behind the rear
portion of the vehicle that would give it conventional landing
capability at a prepared landing strip; it would belly-in to a
skidding landing at about 160 ft/sec horizontal velocity (no wind)
and a foot or so per second vertical velocity.

(4) Reports are now in preparation on the aerodynamic
characteristics of these vehicles_ and it is beyond the scope of
this summaryto attempt even a summationof this work. The
current versions of the L-I through L-4 vehicles have generally
good static longitudinaA and directional characteristics and
trim capability over the required ¢_, range. The main difficul.ties
have centered on control and cross-coupling. Vehicles L-3A and
L-4A are still saddled with problems of this nature, and while one
could keep chipping away and making fixes_ it see_ tuuwise if
these vehicles do not offer somespecial advantages over the others.
Furthermore_ it appears that the objective of freezing the approach
by late March 1961 is still sound. Accordingly, LRChas dropped
_he L-3 and L-4 approach from further study.

(5) In comparing weights of reentry vehicles, it has been
assumedthat each will have the sameequipment and ss_neinternal
systems weight. With this assumption_ weight comparisons can be
madeon the basis of only structure plus heat protection weighers.
Such comparisons have been madewith inputs from the Structures
and Aero-Physics Divisions at LRC,based on a colmmontrajectorF.
Further refinements are currently being made_o the heat load
calculations along with studies of the influence of different
trajectories. Currently, the picture for the L-ID_ L-2C, L-7_
and L-8 is about as follows for the weight of the structure plus

heat protection plus basic landing system. (No 0ackup system ilas



. 97

been included since this is asstm_ed to be a chute of the same

weight for all. The basic system for _he L-7 _s the extendable

rigid surfaces, and for the other vehicles it is the paraglider.)

Vehicle Weight_ ibs (St1_cture + heat protection

+ basic landing system)

L-ID 3,000

L° 2C _ 000

L-7 3,300

L-8 _,800

These weights must be regarded as tentative_ but they shottld

be indicative within +200 pounds. On this basis there is little
debatable difference.between the first three vehicles. The L-8

will undoubtedly be heavier because of Lts high heat protection

weight that is associated with its _,_J/CDA _e:i.ngs(_me L_ ,or ..

times that of the other vehicles. (Recall that it is proposed

to operate a_ _ _ __:II°.) If advanced, hea_s protection systems

come along with _.mit weights sufficient].y small to cause signi-

ficant reductions in thr_ I,-8 heat protection weight_ or should

these few h.ur_.dredpounds additi_o_r,l weight not be a cause for

concern to the booster capability, the L-8 aI)pears to be a

highly competitive approach and LRC feels it sho_d_d remain in

the competition. 'Of course_ whatever weight benef[ts can be

counted on for L-8 from reducti_on 5n heat protection unit

weights by use of new ablation materials would also apply to the

other vehicles; thus, the heat protection weight shou3d al',.:_ys

be less for the other vehicles. The _ctai weight of these

reentry vehicles would probably range between 6_000 and 7_000

p ounds.

(6) With regard to the !,-7 vebicie after _'_'_; (_ .... t_S sioIIs _.t

LRC_ it was concluded that the fixed attitude ap!nw_)ach is not

desirable. However_ this could probably be taken care of im

some manner by reaction and aerodynamic controls similar to

those that wo_utd be used on the L-2C. The major object:ion to,

the L-7 appears to be its landing mode and the as_ociat(,d

hazards. It must reach it:;:pre._e]ecteC and pre!)sred landing

site on ]and_ or some other prepared site on Jand, to make its

160 ft/sec belly Innding a su(.ces_; _'-_.t]e_<st thi.,._i_._the indica-

tion of' tests to date am£ the <_onsensus of' opinion at LRC. Water

landings appear most hazard.ol_s. [_urth_rmore. except for being
] 'ttailored to this belly-in landLng fcature_ L-7 i_ basic:_.lly ±_ tle

different from the L-2C approanh when the ca!r_bility for a.ttLtude

variation is added _o L-',v. The .feeling< at LRC is that if the

paraglid.er shows the s_ue t,y!oeof re]_abi]._ty in l_..rge-scale



tests (a large-scale program is getting under way at I_C in
connection with both Saturn recovery and final phase letdown
and landing for reentry vehicles) that it has achieved in
small-scale tests, the potential advantages of this system
outweigh other systems. No insul_ountable problems have been
encountered in preliminary engineering designs of large para-
gliders. What is needed now is reliability demonstrations with
urmlmmedand manneddrops. This is planned.

Primarily because of the possible landing hazards associated
with L-7j it has also been dropped from further consideration by
LRC.

(7) The vehicles that are currently under consideration at
LRCare shown in figure 3. Additional studies are in progress
on these vehicles. The dynamic stability characteristics are of
particular concern, and this area is being examinedboth analyti-
cally and experimentally, including such studies as the effect of
the edge radius on L-2C and the ability of the extended flaps to
damp. Although other liaison groups have the responsibility in
these areas_ it should be mentioned that extensive analytical
and experimental heating studies together with trajectory studies
are continuing.

Of the three vehicles shown in figure 3_ two have axisymmetry

while one, L-1D_ does not. There are some advantages to a symmet-

rical vehicle in connection with mating the vehicle to the module,

loads during launch, etc. There are also some advsntages to

asymmetry of the type exhibited by L-ID such as during an abort

soon after launch where negative lift could be achieved passively,

rather than through vehicle rotation by reaction jets, to give

the desired clearance between the vehicle and the following booster

so as to avoid collision or close proximity to booster explosion.

Note also that L-ID and L-8 have positive lift-curve slopes

whereas L-2C has a negative, lift-curve slope. This may reflect

on the outcome of the dynamic stability studies now in progress.

It should have been mentioned earlier that all the vehicles

_der study have leaned toward matching, or nearly so, the 10-foot

upper stage diameter of Saturn C-I and four-stage Saturn C-2.

length by 12_ feet in width; L-2C isL-ID is about i0 feet in

11.6
die,meter; L-8 i_: I0_ feet in length and i0_ feet infeet in

diameter. All the vehicles are envisioned as being mated to the

top of' the mission module. The access hatch for L-2C would be

constructed through the heat shield. This offers no complication



to speak of, as has b<_cn conf'irmed by the design of such hatches

at, I.;RC and by several _ndmstrial groups. The storm cellar walls

,,ontain guid<-m.ce and in-flight _bort fuel to serve the additional

purpose of shielding ['rom the radiation produced by Jow energy_

high [']ux_ solar events.

['. Flight Research Center (FRC).- Activities at FRC related to

P_'ojeet Apollo. Most of the activities at FRC are concerned with the

X-15 and ])yna-Soar configurations. It was noted that initial Dyna-Soar

conf:igurations made use of escape capsules_ but the vehicle is now the

primary escape mode. Land laiJdings are the primary operational mode

and water landings are treated as an era<regency condition (ditching).

It was pointed out that analytical studies of the landing charac-

teristics of a lenticular vehicle indicate that the pilot should have

no trouble executing a normal approach or flare for a touchdown at

little or no verticaJ velocity. An investigation is in progress of

the possibility of simulating the landing of the lenticular vehicle

with a current fighter.

Two other flight tests mentioned will be of parachute _nd para-

glider landing systems. Parachute systems for B-98 bailout capsule

will be investigated at Math No. P.2, The other flight test will be

i

to launch a _-size ff_rst-_,t_,ge Saturn booster from a B-52 to investi-

'gate paraglider system for booster recove_'y.

The following recommendations for Research and Development were
offered:

(1) That investigation be made to determine the effects of

Reynolds ntmfber on control s-urfr__ces. Prelimi.narv tests indicate

thn,se e£fe_,.t._ ,::ou].d be lar_3o.

(2) That investigations be made to determine the serodynmnJc

heating of qontro;l _ulr:f'r_ces.

(5) That :_tudie,,', be made oi' the roll control m_neuvers with

center-of-!,]r.,,vity <_['ff_w,[;for rm_c_" _ontrol.

()f) Th:_,t contJl_ued _,['fort be mane <o improve the water

].andir_ _, behn< i<m of' the, ]ent[ctNar ,_onFi6ur:_tJon.

(5 q)hn.t te_:l;r: be m;_do _>i' pn.ekn!,;in_ and ch:,ploy_nent of' pn,ra-

_]_[<]_" JnudinS ,q)/r:i/-m',",:Ik,:Freentry vchicl.es.

(6) T]m,t t,e;;t_; b_" m,,d,_ o_' mu_}tip;I._, pa, rr_chuto landing systems.
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(7) That tests be made to determine the effects of' jet

impingement upon the static alld dynamic stability.
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a. Ames Research Center (ARC).- Life Sciences Research to support

Apollo is as follows:

The studies which have been conducted at the ARC and which have

significant results of interest to the Apollo project in the life

sciences field have been centered around two separate but closely

related projects. One is the meaningful tolerance to acceleration

studies with the pilot seated in the forward-facing position and the

other is one which has to do with medical instrumentation a_ptable for

use in monitoring the pilot's p_ysio!ogical status while airborne or in

a fli_it simulator.

There are complete reports of the work done in these projects

available as NASA Technical Notes D-91; D-34_, and D-391. Technical

Note D-91 has to do with restraint systems for use with a pilot seated

in the forward-facing position and experiencing accelerations along four

different vectors, namely -AX or eyeballs out, +_ or eyeballs in,

AN or eyeballs down_ and a combination of -AX and _ acceleration

or eyeballs down and out. Considerable progress has been made in the

design of restraints since this initial effort which will be illustrated

in a subsequent fiAn and slides. Technical Note D-34_ discusses the

physiological effects of accelerations in the directions just enumerated

up to a magnitude of approximately 6g and main iained for approximately

6 minutes }_ile the pilot perfo_mled a relatively complex tracking task.

Technical Note D-351 is a report on the flight e<_luation of an airborne

physiological instrtunen-tation package _#nich included some preliminaI7

results under conditions of varying accelerations ranging from zero

gravity sustained for 20 to 50 seconds to 3g _iring the post-zero gravity

period.

Since these reports were written_ there have been two other studies
made whiuh are related or are a continuation of the work described in

these reports. One study is a continuation of the use of the airborne

physiological instrc_entation package in some flights of an F-104B air-

craft. These flights were being made primarily for studies of control

capabilities during zero gravity of about 60-second duration which was

preceded and followed by short periods of 3g AN or eyeballs-down

accelerations. The other is a study on the Johnsville Centrilhge this

past November which enabled us to ft_rther per'['cot :i_n',_tr'u_ue,._tation

techniques as well as obtain additional objective data which was not

possible during the studies on the Johnsville Centrift_e reported in
T_ D-J4_. The analysis of -[;hedata from these last two stu_Eies is not

as yet complete. The study in the F-IO4B served to further prove the

reliability of the airborlle instmJmentatio_! ]?ac]<age reported in 'I?_D-_51

and yielded further data concerning the physiological effects of va_D_ing

accelerations from 0 to 9g. T_)e November study at Johnsville pelm_itted
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increasing the effectiveness of the bioinstlmmentation under conditions

of acceleration up to as high as 8g for 2 minutes as well as yield some

rather significant visual and respiratory function data.

As the result of the studies described in TN D-345 entitled,

"Physiological Effects of Acceleration Observed hiring a Centrifuge

Study of Pilot Performance," we became interested in pursuing further

these meaningful tolerance to acceleration studies. We also were

interested in looking further into the areas of interest physiologically

that proved to be limiting factors in this early study. These physio-

logical areas of interest centered about the visual_ respiratory and

cardiovascular systems.

Because there had been reported previously that there was a visual

acuity decrement during accelerations which were applied transversely

or at right angles to the spinal axis and for the most part during

eyeballs-out accelerations_ it was decided to pursue this complaint

further. _e s_mT0toms reported were those of a loss of sharpness of

the image and were not those associated with changes in visual fields

such as are seen @iring accelerations in the eyeballs-down direction.

These same findings had been reported by '_ite and others_ but no

reason for their occurrence had been substantiated. It was felt by us

that some mechanical distortion perhaps of the cornea had taken place

during the acceleration which might account for the inte_nittent and

inconstant complaint of b_rred vision. Another factor that was recog-

nized as a possibility _,_s that of tearing.

in order to determine if there was any corneal distortion, a tech-

nique for photographing this dis_. rtlon usin_ the reflection of a

placedo disk on the cornea was used. In order to prove the reliability

of this techni_151e_ a subject with J.5 diopter of astig_natism in the right

eye was photo_!raphed. Definite distortions in the reflected patterns

were found by carei_lly measuriny_ the distance of the rings from a

central point at varying radii about j560°. Motion pictures were taken

of the placedo disk reflections on the cornea d_Iring the November 1960

ex_)eriments at Johns_ille, and the photographs are being examined for

distortTons at the present time. As yet; no distortion of the placedo

disk reflection has been discovered during{ transverse accelerations up

to as high as 86.

As a sel)arate approach to the so_e problcm_ a re<%iced scale Snellen

chart was placed at a d:]stance of _6 inches from the pilot's eye. The

smallest line 20/l'j was ]_m in height and this ima_¢e subtended an angle

of approximately j minutes, ff_lelight intensity of the posteriorly-

illuminated chart was approxJmmtely 50-foot canclles. The ability to

_e,'_,,dtn, 20/1'_ line was impaired occasionally, but most of the time all

:,,_[)jectsco,1]_d read the 20/If) l:Lne during accelerations up to Sg. Tear-

in[[ again seemed to be present when bl1_rring did occur.
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Our astigmatic dial was also used which was mounted just below the

Snellen chart. On only one occasion was a report made of a change in

the ability to see clearly all radii of the _ial.

On several occasions double vision was reported. This was true

particularly in one of the subjects. A phoropter was placed in front of

the right eye of this subject. This phoropter had a darkened lens in

its right-eye orifice which could be rotated out and a plano-lens sub-

stituted in its stead by the pilot pulling on a string and operating a

ratchet device. The pilot saw the image with the left eye only as

acceleration came on. Then at a peak acceleration of 8g eyeballs out,

the blocked out lens was removed and the plano substituted. A double

image was seen which could never be brought into focus as a single

image.

As a result of these 6bservationsj it would appear that the sub-

jective observations of a visual acuity decrement during transverse

accelerations was not borne out by the actual measurement of visual

acuity while under acceleration. That no distortion of the cornea

occurs resulting in an induced astigmatism is also apparent upon

measurem@nt of the placedo disk corneal reflections.

It is true that the accelerations were only prolonged for 2 minutes

on the longest runs. The blurring of vision seen previously came after

more prolonged exposures to accelerations of the magnitude of 6g. It is

therefore possible that a vascular change in the retinal area may result

which accounts for the visual decrement seen after prolonged transverse

accelerations. This could be ascertained by retinal photography while

under acceleration. This project is now under consideration.

The respiratory aspect of the studies conducted at Johnsville in

November 1960 were devoted to a quantitative characterization of the

dyspnea reported by the subjects while undergoing accelerations applied

at right angles to the spinal axis of the body chest-to-back and
back-to-chest.

A WEDGE bellows-type spirometer was mounted in back of the pilot's

seat in the centrifuge gondola which permitted the measurement of tidal

volumes, inspiratory_ expiratory and vital capacities while under acceT-

eration. It had been our intention to make nitrogen washout determina-

tions in order to measure ventilatory indices and _ctional residual

capacities. However, _le to the failure of the nitrogen meter to

function properly, these latter values were not obtained. Nevertheless_

some very valuable data were obtained concerning tidal volumes and vital

capacities which the subject was being subjected to transverse accelera-

tions both eyeballs in and eyeballs out at levels of 4, 6_ and 8g.
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Prior to each I_n_ ventilation volumes were measured at one g in

the appropriate position by rotatinr_ the gondola placing the pilot in

Either the prone or supine position. It was possib)e under the dynamic

conditions to determine these same ventilatory voltmles. _le measurement

of the _mctional residual capacities was impossible because of a small

leakage in the closed-circuit system. _owever, some qualit_[_ive observa-

tions as to residual volumes were possible. It was noted that immediately

after tenmfnation of -the g stress with the pilot bein_ subjected to

eyeballs-in acceleration_ the pilot -took several deep breaths. Assuming

the spirometer regained its one g stat,_ irrme_fately after cessation

of the higher g) the shift in baseline suggested a net movement of

about 40Oaf's ou_ or the spironteter back into the pilot's lungs during

this period of i0 to 15 seconds. A reduction of the functional residual

capacities is entirely reasonable and is consistent with several other

firmer observations made during the e_cperiments. In particular: the

pilots had virtually na ex_irato_j reserve during eyeballs in g stress

confiim_ing the subjective impression tllat the thorax is compressed.

E3uis thoracic compress'on _,_s _htrther evidenced by the (liffic_ty of

inspiring even the small maximal inspirato_£ voi<unes ac]iieved during

eyeballs-in acceleration. _ne net effect of diminished inspirato_y

voltuue and zero ex_firs,tol:'yreserve was a marked redaction in vital

capacity. _iffs. in effect_ is ne£<ative pressure breathing wi_ich has

been oointed out by rile Acre ? • TM_pace Mectfcal Laboratory at _4ADD and which

can be counteracted by positive pressure breathing,

In the eyeballs-out ckLrection_ however; the subjc,cts showed larger

vital capacities which included _eas_-able exl_irato_-u reserves. 'fhe

mesh vital capacities corrected for bo_¢ surfa<,.e area arc sho_,n_ in

fib?ire i for three of tile test pilots. Tile fot_yth test piglet showed

anomalously easy ventilation in the eyobc.ll.s-in direction which is

inconsistent _,¢J_thtlle obser_m, tion of the other three test pilots. This

fourth -te_<:t}):'lot's.ventilatory data a._e included iu __-:_.__'_<,"_e 2. Pilot

matter four is of an entirely different somatot._cne i'rom _he other

subjects_ -_e:i.nE 6 feet 2 inches tall t_nd weighlng but i_2 potmds.

it is interesting to note that the minute volumes actually :i.ncreas_d

at 6g and $6 eyeballs out when compared -to the ig level as shown in

figure _. %_nis may be of con_ide±°able siunificance. Despite _:,heredupcd

minute vol_._e eyeballs-in a.cceleration_ the ]-,eriods of time were too

short for the development of hyperca]?nia which could account for the

massive drive to increased ventilation that the subjects showed- a

drive that carried over into the !_ostsbress i)eriod as is evidenced by

the hyperventilation at t]iat time. It may be that transverse g stress

causes a tonic stimulation of receptors in the lun!._and perhai)s the

chest wall wl_ich are sensitive to dei'labion. Although the dyspnea is

less marked in the eyeballs-out direetion_ the increased .minute voltage

at high _j sugcests an insi_,irat:o_ di'ive whicl b under these easier
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conditions of ventilation_ can actually be indulged by the pilot. In

this slide you will note there is plotted the ventilation of a naive

subject whose hyperventilation was clearly due to apprehension;

nevertheless_ the pattern of increased ventilation in the eyeballs-out

direction is still apparent.

Figure 4 shows She mean tidal volumes achieved at each level of

g stress. The tidal volume is not very informative datum per _ but

the smaller volumes vith increasing g stress in the eyeballs-in

direction are consistent "_ith the more clear-cut changes in vital

capacity.

The cardiovascular findings of note in recent experimentation

involve the blood pressure findings obtained in flight during zero g

parabolic maneuvers in the T-33 as well as the F-104B. A consistent

fall in diastolic pressure is noted during the zero g period with

little change in systolic pressure. During the F-iO4B flights,

ventricular extra systoles are noted during the postzero g period of

3g acceleration, (AN) , which were not noted during the prezero g

period of 3g acceleration on two flights. It might be significant that

these extra systoles occurred during the postzero g 5g acceleration

and illustrates some intolerance to acceleration after a period of

zero g. Time histories of the heart rate, respiratory rate and blood

pressures are shown in TN D-351 for the T-33 flights and in the

"handouts" for the F-104B flights.

Work which is planned for the near future includes:

(I) Angular acceleration threshold studies to be made by Mr. Brant

Clark on the ARC three-degree-of-freedom simulator and possibly in

aircraft.

(2) Johnsviile Centrifuge studies in March and April will cover

the following items:

(a) Performance-type tolerance versus time-acceleration

studies.

(b) Post-acceleration performance studies using an ILS

approach task.

(c) Side arm controller evaluations plus ventilation studies

to include nitrogen washout studies giving ventilatory indices,

both for time and nitrogen levels at time of leveling off;

functional residual capacities; CO 2 levels; tidal and minute

volumes in eyeballs down_ eyeballs out, and eyeballs-in directions
of acceleration.
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(d) Effect of rate of onset on pilot performance.

(e) Perfonuanee during drag-modulated entries including
effects of rate of onset.

(3) Medical Instrumentation:

(a) In-flight telemetry of physiological data. (Subject to

vehicle to ground.)

(b) EEG transducers and amplifiers. Dr. Noel Thompson, PAMRF.

(c) Pending proposals from Southwest Research Institute and

Corbin and Farnsworth for indirect recording of blood pressure

without use of the cuff method and a vectocardiographic read-out

system giving instantaneous evaluation of cardiac malfunction on

the basis of a real-time display of magnitude versus time-and-phase

angle versus time of the electric cardiac vector.

(4) Restraint System for omnidirectional acceleration stress which

is primarily directed at sustained accelerations, but will be investi-

gated from the standpoint of impact support.

(5) Vision Problems in Transverse Acceleration - Would like to

fully evaluate the problem. Dr. Tom !klane is interested and would llke

to do some retinal photography.

(6) X-ray Studies of Thoracic Contents - Cinematography using

millisecond exposures at 2,000 amperes is being contemplated by

Dr. Earl Miller, Head of the Department of Roentgenology_ University
of California.

Dr. Smedal also described the extensive simulation facilities

available at ARC including the present two- and three-degree-of-freedom

cockpits as well as the large air-bearing simulator and the

five-degree-of-freedom centrifuge currently under construction.

ARC has been doing work on a "portable" omnidirectional pilot

restraint system. _%e pilot is laced into his "seat" which is artic-

ulated. He can connect it to fastenings in the simulator or spacecraft

for restraint or uncouple to move about. Present designs are somewhat

bulky, but work is continuing to improve this situation.

b. Fli_ht Research Center (FRC).- Apollo-related efforts are as

follows:

investigations pertaining to Human Factors have been grouped in

three main categories. These are: (i) Determination of pilot control
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capability boundaries and the :Cac%ors ir_i'l._encinci these; (2) Physiologi-

cal; and (3) Display. Hess of the current.; work involves the X-15 and

the analog ,_imolator. F,_t_Jre wc_z-h is p.]_en:ned which will involve other

research aircraft sNch a.s %he 7'-10.11 and. the ir-100C vo.riab]..r_ ':,tability

air%.21ane.

The cletem_ina-bion of pilot co_t-roil_ r,apab_iities and the factors

influencing-the,<_e is acco_T_pl_isl_ed wiL,h three resea:rch-tools: X-15,

F-100C varisb!e stabq!ity &J_].ane_ ,%nd_ the _nalo C simulato:_.

(i) X-15 - qzlantita.-tive and ci_a]itative evalNation of pilot

perfor_sance d]Jyfli_,h',g i<']]_{Nh[ _}_:[.le sb]%jceLed t.o the _Taryi.n 6 scceleration

profile will be undertaken. <_his can ,corisist <_C lop,_ituclinal accelera-

tions from 2<< to ]i._s!0pro:,:imate].y J prolonL:ed_ zero 6_ and hi6h-sustained

normal 6. _=c mo(Lcrate N_evell of ] onc-[_t-7_din,%l ac_,.celeration is s-mila, r

to levels e_ect_.,<i h_ 'some %oost<d trr<]ecto:cie:_. Ferrozm_&nce in fi.ight

_¢J_.ll be compared %o pe:_.':_rcu_uance :[.n the __I'ixcd.-base siml_lator for the same

missioi_s. 'file new_ lari!;er en_iLnc wi].[: per_,lJ_A J.'li[[hts with zero K

duration of from I_ to 5 minutcr; as well s,s h:igher positive .[{ levels.

(2) F-IOOC - Vsi:'ieble_',t_abiiity fs:j<_l_lan___e-Detemr_ination of-the

minim_uu ac'eeirt_J)i!.e c,:,r_t;r'oil,re<l_:i.rem<:nt,t, :f'or X-l'.)_ DS_ and other future

vehicles from the pi].ot adaptab:l]_itsr asl)ect, q:_:i.s _,dll involve &evelop-

merit and u bi].izatior,, o!" vmrio_r_ c:on1_-,rol _echkigp.es.

(3) J\rla-_i:oC Simulator - Detem_ina[,ion of' minir_rk_m control z'equ_re-

ments for o. wi.<te rs_n£1e of confisura%io>s arid dev<_lopm{mt of control

tecba_iques. .In ad&itJ.on_ e;<r<mination oT control systems to improve

control capability t}llf<)u{9_,var:;_ation in system response_ controller

design, etc., [_3(i! ¢:a,:_'i,ti_',: l%}l_q_,<:'(!<- ()I' ;p[qliLsl] t/!-_t}_'_ (i_oo:_i-er_i,_e-reent.ry)

will be exam_ne{i to de£_ine pilot capability %nd perfo_uance.

Rhj'siologicaZ JnvestJ_ations include the X-IL_ and o-G]er research

ai_Tplano,';. A 10hysiological package is .presentLy in use in the X-iti to

cons_mption is also obtainccl from prefl:[.sht and ]?ostfl:[i_hl, quantity

measurements. 0<_,ntJ t_%1;ive measmremenl-, <] of pilot per£omnance bnder

flickrt conditions ',,r_llbe obtaoined, by comparison with simulator ]?er-

foz_nance. Cosmic :!.'ad-i.:_t[oninstc_mentabion will be inst,%ileal externally

on the H-19 coc]_pit. Other invest:i.g_vtions are planned to eval_ate

anothe±" phyr :[olo¢< L: a[_ .T:,s,ch>41ein _%n F-IO) v4_ich _¢1.Ii mea::,_ir,: all tile

previous.].2--mentio:_<_d {:{r_c_'_!;:Ltie;; in a.ddS._::[.o_:_ to bloc& pru;_:s_<rc. ]3oth

physiolor_ical packases w[ iil bc _!:;e<l in the simu_lato:l; ]?r_Eor to flisl-t _o

estm,blish a b:_seJ_inc pe_.'rc>m:c_nce leve_l, An i_'¢c,<.:t;,i_at-].onoi' the ef_'ect<s

of spatial enviro>l_icL_t_ (:'er.o S)_ on p_.ko{_ po_'ception of simultaneous
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orthogonal angular rates is planned in an F-104 for comparison with

results obtained in ground-based simulators.

The display investigations will include quantitative evaluations of

scanning procedure variations and instrument utilization during X-15

flights. An energy-management display development is planned for use

in the X-15. Display quickening will be eva_ated in an F-104 reaction

control airplane and the F-IOOC variable stability airplane to evaluate

the performance improvements. Provisions for displaying attitude rate_

and _3 etc., will be incorporated. Tape-type _ and g indicators
will be used in the reaction control F-I04 airplane. An analog investi-

gation of display requirements is planned which will include evaluations

of present systems. The effects of quickening on controllability

boundaries will be investigated on the simulator.

FRC is most interested in the contact analog visual display system

developed under the Army-Navy Inst_nnentation Program of which one

version is being installed in the A2F-I airplane, another in the Shark

nuclear-powered submarine. FRC pilots are planning to test-fly a

version of this display which is being installed in an R4Y by NADC_

Johnsville.

FRC will do some testing of adaptive control systems_ probably in

the F-IOOC variable stability airplane and in simulators. The systems

will adapt in the sense that gains will be adjusted automatically as a

function of the dynamic response of the aircraft-to-control inputs.

FRC is interested in pressure suit development work.

c. Lewis Research Center (LeRC_.- Work applicable to Apollo Human

Factors is as follows:

At the present tim% work in the Human Factors area at LeRC is

limited to literature reviews for the purpose of accumulating engineer-

ing design information. A paper is being prepared relative to radiation

levels in space and the shielding thicknesses required. Estimates of

shield weights for various type missions are included. Another paper

in preparation summarizes information about meteorite size and mass

distribution_ frequency of impact_ depth of penetration3 etc. Another

effort involves collecting information as to food and water requirements3

_aste disposal_ water recovery_ respiratory requirements_ favorable

temperature and humidity conditions_ etc.

d. Langley Research Center (LRC).- Studies relating to Apollo are

as follows:

The following theory was developed by Messrs. Adamson and Davidson:



Oneof the greatest dangers confronting the astronaut is posed by
the chance of his encountering a solar flare event. These events,
though conforming to the samegeneral pattern, vary markedly in scale.
The types of solar event that pose the major hazard are the so-called
high-energy events of the high-flux, low-energy events.

High-energy events occur, on the average_ once every 5 years.
They are composedof protons ranging in energy up to tens of Bey.

flux of particles being of the order of hundreds of thousands per
per second.

%The

2
cm

High-flux events occur more frequently; thus_ during the past solar

maxhmlm_ as many as four have been observed in a single year. The

protons involved in such an event have energies in the range of

20 Mev - 500 Mev. However, the fluxes may amount to millions of
2

particles per cm per second.

If we assume these events are randomly distributed_ we can assess

the probability of our encounters. For example_ in an event during a

lO-day mission for a high-energy event, the chances amount to one in

200 which appears to constitute an acceptable risk. With regard to the

high-flux events, by virtue of their much greater frequency, the chances

_nount to about one in i0. This is almost as risky as playing Russian

Roulette, and it is the feeling that even astronauts would balk at

exposing themselves voluntarily to risks of this magnitude.

These probabilities are based on the supposition that the events

are randomly distributed in time. A very superficial examination of

the data serves to convince us this is not the case. For one thing, the

events exhibit a tendency to bunch together for which due allowance

should be made.

Within the past few months at LRC an attempt has been made to

determine the statistical characteristics of proton events with a view

to obtaining more realistic estimates of the probabilities involved.

Before describing the details of the anaiysisj a little general back-

ground should be provided. The sun is known to have a dipole magnetic

field (fig. 5). Moreover, since the sun is a hot plasmaj the lines of

force are firmly anchored to the surface (slippage is forbidden). The

dipole field must participate in the sun's rotation. The situation is

further complicated by the fact that the sun is continuously emitting

plasma, as illustrated in figure 6. Consider the emission of a single

lump of plasma. Bear in mind that to all intents and purposes, relative

motion between plasma and magnetic lines is forbidden; hence, plasma

must be dragged around by the rotating dipole field and a centrilt_gai

force is operative on it. In addition_ the plasma drags magnetic lines
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out of the sun itself. These lines behave like elastic strings and will

apply a small radLially inward force. Z_ere is, therefore, a resultant

force tending to draw the plasma into the sun's equatorial plane. In

the licht of these considerations_ we deduce that the dipole field

becomes distorted as shown in fiG_ure 7.

From t_ne-to-time_ intense flares appear on the sun's surface.

'l_eir mechanism of origin is far from thoroughly understood. However_

it is ]<nown that they are accompanied by ejection of a proton stream

which reaches the earth's orbital radius in about half an hour, and

emission of a plasma cloud which reaches the earth's orbital radius in

about 24 hours. Both the proton stream and plasma cloud will tend to

follow interplanetamuy magnetic lines. As a result_ there is good

reason to believe that when one eng_11fs the earth_ the chances are the

other will also. _is is borne out by the data presented on figure 8.

_e geomagnetic index is a measure of the disturbance of the earth's

magnetic field which is known to result from the impingement of the

plasma cloud. _l_e proton stream in principle distorts the geomagnetic

field also. However, by virtue of its even smaller flux, its contribu-

tion is entirely negligible. The riometer index on the other hand is

a measure of the _isturbance in the ionospheric shells resulting from

the impingement of the proton stream.

Now, we come to the critical point in the entire analysis. It is

the proton stream which passes the radiation hazard and we are_ there-

fore_ specifically interested in their statistical characteristics.

However_ riometer data extends only over the past _ years and does not

provide an adequate basis for statistical evaluation. The good

correlation existing between geomagnetic storms and proton streams_ to

which allusion has already been made_ encourages us in the belief that

the statistical characteristics of geomagnetic storms will resemble

closely those of proton streams. It is on this basis we proceed.

As sho_n in figure 9, the concentric rings are associated with the

different years of the preceding solar year (from 1943 to 1953). Around

the periphery are the different months of the year. The major

geomagnetic storms occurring in the preceding cycle are represented by

radial line segments. It is clear at a glance the geomagnetic storms

show a propensity to occur during the spring and autumn months (i.e._

March_ April_ September_ October). This seasonal variation has long

been recognized_ however, by virtue of the correlation previously

established. It follows that proton streams are encountered in the

earth's proximity most frequently during these months. Such a seasonal

variation is to be expected in the light of the theoretical picture we

have already drawn of the interplanetary magnetic field having a disk-

like structure. Thus, as the earth moves in an orbital plane which is

inclined to this disk, such a seasonal variation would follow.
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If our reasoning is valid, then by launching during favorable
months (midwinter or midsummer), the chances of our encountering a high-
flux event (assuming, as before, an average of 4 per year) during a
lO-day mission are reduced from one in lO to one in 20.

Reverting to figure 9, in addition to noting a seasonal variation,
we note a tendency for the events to bunch together. This will tend to
widen the gap between successive sequences and will further lessen
chances of our encountering an event on a 10-day mission. We fin_ in
fact, whendue statistical allowance is made for this, the chances of
our encountering a single event are further reduced to i in 24.

Thoughbunching of events reduces our chances of encountering a
single event, it increases the chances of our encountering two or more
events. Again, taking four events per year and a 10-day mission, the
probability of our encountering two or more events assuming a Gaussion
distribution is about i in 160. Whenallowance has been madefor bunch-
ing, this probability becomesi in 80.

All of the probgoilities quoted previously are based on the
occurrence of four events per year which appears to be representative
of the previous solar maximum. Solar activity is, however, subject to
both an ll-year periodicity and a longer periodicity (about 90 years).

Indeed, if we plot solar activity as a function of year, we obtain
the results shownin figure i0.

Drawing a line through successive solar maximum,we obtain a saw-
toothed curve. The past solar maximumseemsto be just at the top of
one of the sawteeth and the following maximum1967 to 1970 may possibly
be substantially less. There are indications that the past cycle has
been particularly erratic which might well suggest an incipient
instability preceding a major change in solar activity level. It is
my own feeling that this should not be relied upon.

Dr. Foelsche of LRCis making computations of radiation dosages
as a function of shielding thickness (water) associated with someof
the more intense solar events. These computations are based on the
following three assmmptions:

(i) That the solar flare event comprises only protons

(2) That the time variation of the energy spectrum is known

(3) That the production of secondaries within the material can
be disregarded
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The validity of assumption (3) is presently being investigated at
LRC.

e. Office of Life Science Programs (0LSP).- Grants and contracts

applicable to Apollo are as follows:

OLSP has divided its efforts into three principai categories:

(i) Flight medicine and biology

(2) Space medical and behavioral science

(3) _pac e biology

In the first category, the following contract efforts may produce

results applicable to the Apollo program:

(i) Study of KO 2 and NaO 2 - Mine Safety Appliances.

(2) Recovery of ,02 from COp_ - Isomet Co_poration.

(3) l_rification of H20 from wastes - General Electric Co.

(4) Investigations of various trace contaminants given off by the

human body - Southwest Research Institute.

(5) Analysis of biodesign principles for application to instru-

ment design - Bell Aircraft Co_.

(6) Management contract for a research program leading to develop-

ment of an Integrated Life Support System - not yet contracted.

(7) Mauagement contract for a research program entitled "An
IT

Integrated Performance Study, to include display, control, sensing

and computation requirements to integrate man and machine for both

manned and remotely controlled space flight - not yet contracted.

Although the last two studies are not specifically mission-oriented_

they may possibly produce some results applicable to the Apollo system.

All of the work in Space Medical and Behavioral Sciences is believed

applicable in some degree to the Apollo program. Contracts most dir-

ectly apl_licable are:

(i) NASA participation in Bio-sciences Information exchange. Con-

tracted to Bio-sciences !nformabion exchange.
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(2) Effects of angular velocity, angular acceleration 3 coriolis

acceleration and tumblings - U.S. Navy (Pensacola, Fla.).

(3) Bibliography of Life Sciences for Space - Library of Congress.

(4) Biological experiments on the effects of radiation in the

upper atmosphere using high-altitude balloons - UJS. Air Force.

(5) Feedback information criteria for functional extension of

human hands - Massachusetts Institute of Technology (MIT).

The contracts in the field of Space Biology most applicable to

Apollo are:

(i) Biological systems in space - University of California

(2) Sterilization of vehicles - U.S. Army

In addition to the grants and contracts, 0LSP is planning a number

of in-flight experiments, using experimental animals ranging from uni-

cellular to primate. There will also be subcellular experiments. Many

of these experiments should provide information valuable for Apollo.

f. Space Task Group (STG).- STG work in Human Factors for Apollo
is as follows:

(i) Consideration of Project Mercury medical support experience

which may be applicable to Project Apollo.

(2) "Project Apollo Life Support Programs" is a series of suggested

research proposals applicable to Apollo.

The Project Mercury crew support experience has provided bioscience

data applicable to Apollo in several areas. Mercury crew selection and

training procedures have evolved certain selection guidelines and

developed simulation concepts which may have advanced-vehicle application.

Physical fitness, a record of proven performance under stress, intelli-

gence, and adaptability are obviously desirable crew characteristics

found in Mercury Astronauts. An attempt is being made in Mercury to

quantitate crew stress by hormone and psychological measurements. Such

data may have value in crew selection techniques. Physiological measure-

ments_ assessing cardiopulmonary functions during astronaut centrifuge

runs; point up the need for much additional data to safely support the

relatively long duration, moderate magnitude g forces expected in

Apollo.

m
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Detailed physiological control data acquisition and meticulous pre-

flight and postflight astronaut examination will provide information on
the effects of combined flight stresses seen in the ballistic and Orbital

flights. Evaluation of the physiological-psychological effects of weight-

lessness should be particularly interesting.

Bioinstrumentation considerations in Mercuryprovide research and

development direction toward advauced biosensors and environmental moni-

toring devices. Respiration sensors with volume and flow capability_

noninterference blood pressure sensors_ blood gas monitors and flight

electroencephalography appears desirable and feasible.

Medical monitor planning considerations have indicated the need for

additional reliable real-tlme man-monitoring equipment.

(i) It was noted that the use of experimental test pilots in

the conduct of Apollo studies should be strongly considered.

(2) It was noted that Batelle Institute is gathering informa-

tion on radiation data under a U.S. Air Force contract and that

the quarterly reports contain useful information.
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a. Spac_'e Task Group (STG).- The STG has recently completed a study

entitl_cl _Prel_mi.nary Survey (of Retrograde Velocities Required for

In._ertiom Jn_o l,_,wl,unar Altitude Orbits." (NASA Project Apollo Working

Paper No. I005). A proposed working paper entitled "Preliminary Analysis

of the Propu]_ion Requirements for Mission Abort at Earth Escape

Velocity" is near completion. This analysis covered thrust to weight

ratio (T_$) from 2 to 4. 5 . Mr. }Imnmack ._tabed that similar studies at

Marshall Space Flight Center (_[]FC) showed the optimum T/W was between

2.5 and 4.5 for missl.on abort at escape velocities.

b. l,_Igley Research Center (L]{C).- LRC activities on propulsion

systems applicable to the Apollo program are confined to analytical a_d

experimental studies leading to very high mass fraction solid-propellant

rocket mo_ors, and to advanced design and fabrication concepts which

make it possible to produce these rockets with a minimum effort. Objec-

tives of these studies are minimizing case, insulation and nozzle weight_

minimizing sliver, and maximizing loading density, while still retaining

excellent internal ballistic characteristics. When homogeneous, iso-

_ weight for atropic ease construction materials are used_ minimum cs.....

given operaz_ng pressure and case volume is achieved by using a spheri-

cal shell. For a mmlber of years_ I_C has been designing, producing_

and using spherJ.eal solid propel/ant rockets in its own flight programs.

_hile s majority of this work has been in-house, some work has been

carried ouT. om contract. Sphe_'ical rockets have been succes_>ikH[ly fired

having the following characteristics;

Diameter 5 to 40 inches

Weigh_ 4 to 2,100 po_Luds

Specific impluse 200 to 270 seconds

}_ropel!ant weight faction 0.89 to 0.9_

Operating pressure 600 psi

All of these rockets u_ilized metal cases which were constructed

of commonplace metals (41_0 steel and 2024 T6 aluminum) which had very.

modest yield strengths (150,000 to 180,.000 psi for the steel). At

present, work is underway for development of a 15-inch dim_eter spheri-

cal rocket which would have a titanium ca_e and which would resiLtt in

a rocket having a propellant weight fraction greater than 0.95.

Soudies h_±ve Oeen made on fii_memo-wound fiber-glass cases which

woLu]d use the same charge design philosophy used in the spherical rocket.

_Tmese studies show that the minim_ml weight pressure vessel co_istructed

of this material will be a shape which approximates an oblate spheroid.



129

Suitable charge de',_i.t/;_ haw, been m_de and ]_ave been ml(:eess:t'u]_ly fired

in heavy weig_ht _tJ_J. eases. Design _md purfor_mCnce par_lm_;ters of these

charge,'_ wer_ _ as good <n" better them those obtained wi.th the spherical

charges, Contra_,ts are being let for the dew,'lopment and production of

fil_nent-wound Fiber-glass shells_ whi.ch will allow the development of

solid propel.Lant rockets which have s, propellant weight fraction :in

excess of 0.[)6 :in relaLively small sizes.

Other research :is aimed At improving methods of fabrication of the

intricate charges needed for spherical and spherica] ro(_kets., and which

are applicable to all solid-propellant rocket desires. One approach is

the use of An extremely lightweight fo_!med plastic (2 ib per cuft) for

construction of the mandrel. The igniter is designed n,s an integral

part of this _q,ndrel. Propellant is cast between the mandrel and the

motor case, secured in place, and the motor is fired without removal

of the mandrel. This allows the use of chnr[<e and r_ase ties[gas not

possible before as the mandrel does not have to be withdrawn thro_gl]

a finite-sized opnntng_ and does not have to he,re s <:onstant or tmJ-

formly varying cross-section with respect to the rockets' iong[tudina]

axis. Numerous M-58 rockets b.Ave been suceess]'tj_]y conr',tructe@ And

fired using this tecbnique. Work Js currently tmderw_,y to a,8opt thin

manufacturing process I _pherieal motor designs. ]J_C is planning to

install a pressure-fed :.ystem for handJLing storable propel.in.eta. This

system will be svaJlAb]_e for evalus, tion work but is not intended for

deve] opment work.

c, Ms.rsb.all Space Flight Center (_igFC).- MSFC activity dJrectl.y

related to the Apollo propulsion system has been concentrated i.n

determining the midcourse an_] abort prop111sion s yst,_m r_quir_ment_

b_,sed on the Saturn trs.,jectories;

Studies n,re ;_tiJ.]. :in progress; however_ the res_Its obtained to

date show the trends to be expected.

Figure .1 nhuws a typJ<'._,] exn.mp]o, oF bow the t]Trt]st-to-weigbl, ratio

[nf'l]_p.nc.es the? a.mo_mt of" total.._g)n.eecrn.:f't weight which _mr,:_t b(_ p:_.'c-vided

A,r', prop]_] r: iK)n sys tom for a])or % ,]tls I) prJ of to i ll.,]e¢ t, i on on the ] mm,r

mi._si.on. 'l.'ho,'_e c_]rver', n.re f'or s. spec]i'b:" i_njo,,I, ion nl.titu_le.

F]gure _ 4howe, t;]_(_ j ll['lue_:lce of i njep. tion n.l_ti l,u(]e ,qt_d inje_zt i.on

n.n_]e _)n the w_]r_:itLy req_ir_menl;,_ ['or _t_ort n.h in,]ection vr'lor'ity.

_t,l.l.di.r':_; ;t.rr" ;_lno it] prr_flre,_;;_ _Yi t;b{ _ njbort; roq_i]'em<,n!;: ,, en.riier Jn

.'tt !,}ti:: pr_]llt; ',4]1i,'11 r_'._:;l_lt,;; i.H :_. ;;!;<:op lll:l,'o:r'r_,r'tr,f] nbort, ['cr'l_t.ry ,'_:1_ _

w}l;_,}l wr,l_l,'l iv,[',l;ll [TI de¢tr_!,_rntill!ln lip tl) 90[[ I,<) 2'_!:. _']nbt, otlil//, f,br"



(I 1_;t..'/t,,:_1i:_,'l'_rl:_!:_ i.h, il,j_ 'l.i_ql ;,]t t,u{te it; lowered
!.,_ )j_riit._, imi_. r,d k,.yI_,.:_f.ltl_ ,,_' f h,t I,rLyl(,'_t _,' v,,h!,<]__ ._;t,ructure.

p, above _ tJw. iJ(_t" ;(_1 :_t" h( W_'vr_|', I;hr! _b!,"F_nS@ is not s@riou8

['t,r sn_'ml] o.t_._]r,:: (_/p t() ',' 1,,1_:.,,, I,'q,., h(_r'!z_nt,rd) and the abort

t,hrust-tt)-w(, ighi rqti o .'_r_rt .r'r',t_li t','_t t_r'_t_,,] ] ,_.t_l;r-_ decrease rapidly.

early in th]:rd-_:tage bu3'_in/X _,ul, nyr, _,_,rl.y a,q severe over a range

of burning time from lat_" ',_'_'o,,4-r_I,r,I':,_b_,r_inf_ through _.bout the

I

fLrst _ _;I" Lhird-stnfF_ buv_i_,, l,_,w,'rirt_<f;he .[n,]eetion altitude

and f'lattenin[< the traje,.tory r_,h_,:',_: t;hi:_ r,_quirement fox" abort

prop_Is ion.

(4) Presently tt app_ars 1;hat T/W ratios in the neighbor-

hood of 2 to 5 and velocity :incrementr_ of' about 800 meters per

second wi].] be adequate for the abort propu]si.on_ and injeotion

conditions near hor__zontal at _)km will provide the most desirable

conditions. It sh.ould be noted, that these studier_ are ,_till in

progress an_ the above :tonc]usions aro kentative.

A brief su_mmary of _V_FC capacity and f_,oil:it]es for deve].opment

and test:[ng of propulsion systems was given. These facil_ties sre

ex_ellent for development of prop_sion ,_system.q b_,_l:;were not des i_gned

for ]aboratory-type bas_e researrg_ in prr_]tu]s_on. Tho Cnei][.[;[(_s

_'_<)ns]st of :

(I) Stn.tio test towe_' Esr_b r_].de 2_O00,O00-1b c_pacity.

(P) Str_t].c te:;t tower Wc_:b r_id(' 500,O00-].b oni_,nb]lity with.

m_)(]i.Cicat i.o_ could hand]_, $.OOk for _-II ho,_t,_;.

(_5) Cr_mponent t,e:_t ",r_,:_, v._._:u_,nbox I'()r _V:,,r l:,_st, and

br_ck-to-h'wg< _Z_,r_it" tor:l;eL" f'ot" tMrbc,pLlm|_.q.

()I) ]'(_worp]ant. r'.irtQJr, _;t,rlnd _,"](_I<.

(5) P,_w{':t'pln.t_.I:r_i,<u)r]tO()k.

I j.tvim ....... --
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(T) Component, i._._;tcells, ll{)l._nd cold emviro_um_11t. Six

smal/er {_e].].sJ/or or_f[<_e <'_]ibr_bion_ of' gas generators.

(8) Cold calibration test st<_nd, 2 test_ sides. Four more

component test cells ['or turbopcmlp or modeZ-siz_ rocket test such

as Saturn defectur snd tail heating test at $,000 ibs.

There _!_reabout 400 engineers at MSFC involved in the design, test,

and development of propulsion systems in addition to those involved in

the fabrication and inspection of systems.

Vacuum start facilities for liquid and solid rocket altitude start

Zests. Two facilities, one of 24_000 cubic feet, and one of 15,000

cubic feet. Vacuums to l.Smm of mercury.

Dynamic test facility for full-scale Saturn C-2 <o be ready by

1963. The stand can test dynamics of the vehicle launcher combination

with full simulated loading; can suspend the Saturn fully loaded to

determine overall dynsmie response and vibration modes; can be used

for propellant loading tests and to train launch crews. Facility is

designed for a 3,000, O00-po_Id-thrust vehicle.

It was noted thac _BFC designs_ develops, and fabricates systems and

equipment. Static test facilities available are: (i) 4Ok and 50k

blast facilities, and (2) hazard test facilities, (3) vacuum facilities,

(4) 300, O00-pound vertical test facility, (5) dynamic shake facilities,

(6) a 2,000,O00-po<md test stand is being fabricated, and many others.

d. Lewis Research Center (LeRC_.-

Evaluation of Pulse-Type Attitude Control Motor for Apollo.- Tests

of l-pound and 29-pound Marquardt pulse-type, bipropellant rockets will
be conducted at LeRC. It has been determined that a small vacu<_ tank

already available at LeRC will be satisfactory for total motor operating

time up to 20 to 30 milliseconds. Engine transients and specific

impulse performance will be investigated.

Research App]icable to Apollo Propulsion Systems., The following

research projects are in progress at LeRC.

(i) Pressurizstion Gas Requirements for Liquid Hydrogen

Propellant Tank.

(2) Pressurization Systems for H_drogen-Fluorine.

(3) Experimental Study of Propellant Pressurization and

Expu] s i.on Sys teros.

(4) Experimental. Evaluation At Zero Gravity of Expulsl<)n



'_'_q, ! I_,I:I..._.

(7) Ar++l!y: i: ,+ 'l%+,t'u+,:+,! }."r'<>i,<'+'t, oi_ _+f' pr-<q'++?ll+_mt:,;', t','"r ;+_,m+','+

/}itl_i_"+I,ii,r_.

{(_) }:,_,ii',{.i_nt U,'.<c !. i>,_'!r_:vO ]'<,_' l.lt')_" ._lod l',,r_ssw,lo:;.

(i]j) 'Tl{] ;l'l.i: _ [ Ch<l.Ffil_, : Ur_ TIp-Jig7,

(I(_) L;l/ir_t I ;iLOi'_.i.)]r J,]q_ti(t. _.JI"c_J__o]]::t._';il.; ];,ockoL Ivlot;e_r'i ,, •

( I] ) ]i',xLtx_r i_u+nlt.:-<i. Ev:d_ccJ.t;] c_:_ oJ.' ]3Ll._'op<-'.l] re)f, Att:; [t,_.l,'t <_ ,qt,"_l_i] :i-.

F4 '_-t ,r', ?':.,,r_t,ion • 5 .... m 1-'_)i" o.lJr/i t]_81.,O_.] ir_:Lunr'-[,<q.met]il£ _y'._t,::m.

(j .-') Chom i va. I_ ]_{[g_ i h 1ou .':i.It_'_ Chj._i;:-r'o]_.] ,'c] _'>t,o]_ mri(] }]t:"<_!;_:t'f; o;!."

<<:'_i ict ]?x'_U._cIla:iL bl<mov:'.

(1 7i) 7c)}-( i ,qr:_vLi,>; ikm.t: '])s'r_u_:".Ccx'i.Tx;[>,,r.'Lmctnt_,

(1'-') ?,,"rip i<' " .-,y_,uem<<: ii_nOcdrn.biom 1l.--,,

(l_) Xc>d_/tnt, i_<i 'Ft_'_l:.i, t'<_r _(LdsrcJ ]?_'(>p_:Li_ion - H2-F 2.

(]'£') EX]'J:i'I_IY@::iS;]F {}btldY __JJ_'17h]'u.s[--V_' 'OCt' ],O<'_].tJ,£O. 8irl(]_ D:r'J_f'l.

A,_x,.jo_,jal,_,(t wit.h 1Rmt:.", ]_v,_}:l]:',ior_,

],r']_C hn. :" a, sea-level fac L-li-t,y J'ot.' h>_drogem ±'luorin (-_ experiments.

/'dq n.]D]qllch _ l>_"ilit;y i',', _lm.tr'l .'r'd't:;t_Lvl.lol. icln q.H<] [<4 :r'hodlYl_-'d t.o be

<teln}_lei.,' io. 1:_.!.,, i_96i, whi<'h wJ]] l_r_l-'_ct]<_ o. vehl_cJe n.]_pi'-c,xjlila.t.o],y

q) f'r,f,t ]r_ l<?_y]!,h nn(l }4 f'e_:t, in tl],<tTrl_'tr'] ",

_,,4c_::l; ()t' Ir }{r +,':: _ow ]o,rge [>l.o]_i_].s-i on :Caei ].;i_b:ies are be Ll_C] insl;al]ed
:,,i, [>l_lm b,'<,<,k, :,tl,t !u_mt_ i'n,'il f,i_:_, lu nxlctLbJon Do m_t,'].rxc_' l':_'il:ihie,c-,

tll'_' Ic,,"r,S,"] i,}_,t._.

!i _+ ,ii.,',_; ;'i,_il _,[' J'i_i,_v _I_' _i_ ,,:!,,!_nl_"rll. ; t,:tf,_li;, its wru; .l'0'lf. l.]t<n.ts

._2. -.r ......



f']uorJ.}w' sys!,{m]'s h_!,] u(fl; l)o_.,ll ci_:_v_,t{<t.!{I f,i}{tnl_Ji i;{-_ _}ll[; ii] .'_. i_l:]nhed

lfllloril]{. _ blli.ld:; up }_{_n_, if d_,<'_l,l.,_{,inn!,_,d _,_l{{ will }_u_'ll l,}n'(,ugh met_,.l.._.

ha", been _d>],_ to pump l'luoPim'.

e. ,let P:Popu] s-i,.,n T,a,b{n'atory (,IPL) .-

Current intepests of JP], i.u ]}r,,qpu],{'}()_} a.r(: _,enter_-d around the

d.eveloI)ment of units f'or u,_;e i£_ ]]IHIIL]t_I_@(_ U-])_U_{_']'H,['t. Nevertheless_

since most of the propulsion prt_bl,_ma such as reiiabi].ity, space

storag{. _, zero g starting _n tt}_? ,{;pace envi_PO_fl[lellty etc,, are COillmon

to both mann'ed a_d u,mnanne{l ,_y::_tems, some of JP[,'s activities in this

area may be of interest in the, Apo].]o progrnm.

The three projects of cuPrtmt intere,_'_t involving the use of

propulsion are Ranger_ Mariner, and Surveyor. The R_ger spacecraft

is to be injected from a parkfng orbit into itmar range trajectories

by the Atlas-Agena System. The fir'_t two _mits are not intended to

actually encounter the moon and hence contain no propulsion. Rangers

_, I_, and _ which are scheduled for .launch in ]_962_ are designed for

a semisoft landing of an instrumented package on the moon. Ford-Aero-

nutronLcs will provide the solLd retropropulsion unit used to abstract

most of the moon-relative energy from the package. JPL will develop

and supply the 50-potmd-thrust monopropellant hydrazine midcourse

correction propulsion untt. The propulsion system is designed to

deliver a specific impulse of D_O-pound second/pound at 190 psi chamber

pressure and 44 to one expansion ratio. It weighs on the order of

_O pounds loaded, contains ]-3.7 pounds of propellant and wi]] deliver

a maximtum velocity increment of approximately 120 feet per second to

the nominally 800-pound Ranger spacecraft. Some of the design features

are displayed in photographs of a full-scale mock-up and in the system

schematic. Regu3ated helium is used to pump s_hydrous hydrazine from

a butyl rubber bladder into the decomposition ch_cmber. A bipropellant

start is attained by injecti.ng a small slug oP nitrogen tetroxide into

the chamber simultaneously with the opening of the main propellant

valve. The chmnber nozzle is radiatively-cooled Haynes Alloy No. 2_.

Single-actuation explosive, valves are used throughout. Attitude control

is provLded by four jet vanes. The onboard aceelerometer supplie_'_ th6

shutoff signal which simultaneously closes the main propellant v'd.ve

and lock_ off the helium _u_}p]_y tank. The development of the RmK_er

unit is nearing {?stapler ton with the-, f'irst simula.ted :_pace environment

static firing of a f]_ight unit scheduled for next, month.

The Mariner A is a. Venus ['ly-by experiment t() be ]'[red Fr<,m {_

parking orbit by the AtL'u;-Cents.ur 8y_tem. The spa.cecrnft mid_'ourP_e

correction unit, which is aI._;{)to be {]{-,:',iG_]_-,dn.nd {]eve] op_'d by JPI,, _,:i] }



u._u ' the :_ame bas;i,: rocket motor and pvo[_el]a.nt ptunpi_ng system as the

Ranger. The; Mariner A propulsion unit_ ili addition to provLding for

l,ho m idcourse correc't_on maneuver" tq)pfoxit.nteJly ]6 hour_; out from

earth, is des[.gned to allow for a Jomg-t,r-,rm ._to_'age and restart experi-

ment which is to t'_ke place Jt days a['ter the Venus encotmter, i..e..,

approximately 4 month,_; after the first f'iring. D_fi'erence from the

Bringer midcourse pr,_pu]sion system [llcltl<J.e[? pr()v[sir_ns Yor a ]r{rF<er

propel]ant mn,ss (Sf pound's) to suppl.y a tota, l velocity in<'rement of

r_pproximate]y 180 I'ect per second to the proposed _],lO0-pound space-

cr<_ft; a change to nitrogen as the pres_;urizing ga.{;; a re{'hargeable

nitrogen tetroxlde starting ca_rtridg,-_; and a <hange t(.)s solenoid valve

to provide for repeated operation, with multiple exp]os_w, _ valve_ being

retained to lock off the nitrogen supply. The first firing of Mariner A

Js scheduled for 196;". Several firing_'_ o[' a heavy-weight version of

the Meriner A motor and start system have been completed. A te,_t of a

flight unit wi].] be conducted the latter p,.'_rt of th_s year _n which tho

system will be ffired in a vacu,,ml chamber, shut of'f'_ stored in the desert

for h months, returned to the vacuum chamber and restarted.

The Mariner B program for a Mars experiment which is now in study

phase w_ll most likely employ another restartable monopropellant

propta[sion _mit of somewhat larger thrust, approximately 200 pounds.

The Surveyor project is directed toward soft landing a 200-pound

scientific instrumented package on the moon using a 2,500-pound

spacecraft launched by the Atlas-Centaur. Six-month studies of the

complete spacecraft including provisdons For midcourse-correction

propulsion and for the retropropulsi.<)n h_ve recently been ,'<;mp]eted by

each off four outside contractors.

The current Advanced Development program efforts i.n ,';o]id propul-

sion are directed toward investigation of seeonda_'y inject iota of Rases

into the nozzle in order to achieve thrust vector comtro]. A new six-

component thrust stand and vacuum d__ffuser will be used to facilitate

the experim<u_t_] _ork. This follows an experiment_'_] f]ip;ht prognnm

in which thrust reduction and thr_st te__:i.nation were successfully

demonstrated by separation of the nozzle expm'ision e¢_ne and the head

end of a solid propel].nnt chaunter, respe_'tively.

In ]iqutd propuls [on., an Adwmced Development program in underway

wherein _t is intended to ultimately prov_d.e a demons!,ration of _. highly

reliable and versatile bipropellant spn,ceera.t't propulsion system based

on the,_ use of nitrogen tetroxlde _md hydr,:_zine or hydr_zine deriv-

atives. The pr{,,_;ent concepts of such a d<vice are illu,'_trn,ted _n a

schematic of th< proposed system. Both i)rope]]ant:; are to be pumped

from separate bladders located _n a colmnon tank and pumped by me:ul:, of'

t{ :'Jn{rle rnonopr()p,,?]]ant gas generator. T}n_' hydrnz_ne tenet:mr ],_:
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ptunpedfrom _:_l)repre,,;suciz<_d,b]addere{l t_uj<. The use of a radiatively
cooled ch_urfoet-,pos_',ibJ.yo_' pyrographlh{_ m_.teria], is be be investigated

along w:ith ;._n injector de';iEn pemrdbt, kn(_ simple on-off operation and

throttleability. The test phases <d' tile program are [n the rudimenBary

stages at preselH_. Water-pumldng tests with a_ thi[1 Te['Lon bladder have

demonstrat;ed the fee::.[b_ lity off us [ng th],-, _m)teria.k which is compatible

with nitrogen tetroxide. O_;her materials wi]] also be [nvestigated for

use as bladders. Smsl_-se._.]e p,yrof{r_'%phite chambers have been procured

but as yet r_.re untested.

P.omparative study on the use off w_rious propeJlant combinations

for the retropro]_ulsi_n i_m a Mars-orbiter spacecraft ]aun,_hed by a

Saturn boostel _ (a_pproxima.tely 5_O00-10ound-spacecraft m_.ss) is now

nearing comp]et]_on and m_y be of interest here. The systems Rompared

are oxygen-hydrogen_ fluor_ne-hy{Lraz].ne or det']vat, ive_ nitrogen

tetroxiSe-hydrazine and. am r-_dva.nced solid propellant. In conjunction

with tilts study; several p_.pers on the space storage and venting of

].]quid !0ropellant,_{; ha.re ]_eem gener'ated which may be of wJ].ue to the

problems at hand.

]:'. NASA Headquarter'_.- Tb _ fol.lowimg ]mdustria] G)ntracts were

let by NASA Headqltarters:

(i) A study for hardware _,'oquirement_.; for space m:[ssions

and lunar la.ndLngs. The _tudy coven: _uo.h _{specL _',a.s requirements

for thrott]eability., thrust to weir<hi rnttos; where do ,yon sit on

the moon, hot or crdd s:i(_e, and the ef'<e{'ts of this on propellsnts.

(2) Two contracts w_:]l be let; for experimemta] studie,_< of'

variable thru_';t eng:ine: _,.

(_) A hardware <'{)r_[;ract on pres,_{_ri}:r_tion ,,_ystems.

(4) A study contraot has been let to A. D. Little Cc)ml_any

on the storin_ of propellants _n space. Th:is will r_onsist of _

literature ;;oarch on r[_(]irtt;ion P,.nd mic':romel_(,orite efFe_'t's, i,eRC

_s mon]torin[_ this c_)ritrr_Pt..

It was ',;rated that NASA He_).dqu.r_rt;_;:['_had {-omp[ied a document of

the work be]nf_, done a.t _.Ii __I" thr_ ]nb(n_,'tt_orie,: rind had 8istributed th_s

to each o_" l;b_ C<._nt{-'rs.

It wa_; r:g._.tcd Lhat the F-i booslser w_ts pr<)_:ressimg as well as

could be exl)_!,,.ted w:ihhout ruty _:',]_e<:ifi("requirement for the booster.

The fol]owim< NASA IIe:_,d,lu_rters work i,':beth C done in solids:



l;>a II .............llll •._,_

(.I) f\ :;I,,!,ly i i_,'i_ld m_i_' t,(/ _'he<'k !.tu; moduln, ti.on,_ in r_olid

gr,_u]_ f'c,]tthat n bnl)_;r _Jlo_llr_t),_d i_<,._uragecl From the standpoint

c>i' c,_mU)] i<'}_tlc_ invo]v,'( _, 7n _:.]n_{l,<,rin({ tm.])ered unLts.

(4) VeJ_,<'ity e<_nl,ro]_ an<{ w_'_or'Jug _ystems will be applied

I,o the $,-:ouD vehicle. Ther'.e w]l] inc]ud_ gas generators an8

nuxi]in.<y _<ol]ds.
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EXCERPTS FROM

PROJECT APOLLO MIi_UTES OF MEETING

OF

TECHNICAL LIAISON GROUP MEETING NO. I, STRUCTURES AND MATERIALS

January lS_ 196:L

Ames Research Center

Hoffett Fiei&_ California
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Heports from gro1_p members on Apollo-related activities at the

various centers are as folLnws:

a. Imles Research Center (A_RC_.-

(i) Rad±ative ]2i'opert.[.er_o]' materir_Is suitable for te_mperature

control of vehicle -

(a) _i_e effect of sputtering on the _adiative character-

isties of metal s_rfaces is being stud[led. In these studies_

bombardment with hydrogen ions is used for sputtering copper_

aluminlzm, and nickel targets. Both reflectance and emittance

of the sputtered specimens are being measured,

(b) A flight emperiment on evaluation in space of the

time-dependent and en_<ironment-dependent changes in radiative

properties of typical surface coatings is also underway. The

flight package has been assembled and Sent to Ball Brothers

Research Laboratory for final checkout. _il_epackage is sched-

uled for flight on the S-id solar spectroscopy satellite which

is to be launched in th_ second quarter of 1961.

(c) In near-moon orbits; the vehicle will be influenced

by the surface temperature of the moon. T11e vehicle temPerature-

control system m1_s% be adaptive to lunar surface temperatures

from about -2_0 ° F to +220 ° !,_.

(2) Particle bombardment of vehicle surf'aces -

(a) Ion bombar(h_ent - in this program, varioiJ,c metals

are bein6 bombarded with the varJo_s ionized gases to determine

sputtering yields. 'i1_emetals are AI W, Mo Fe, Ni, and Chl.

gases are N+; NT+; IT÷'_H2 +, and A+. _9_e sputtering yieldThe

is defined as the _s;tio of atoms of met__L ss}_ttered per

impinin6 ion.

(b) Meteoroid impact - One stur<y is on the basic physics

of hypervelocity [mpact in r_emi-infinite targets.

(c) One s-t_(%y is on the impact oT particles into stony

Im_terials. In thLs program, atte1_)ts are being made to

e:qglain the meteoric craters on earth and on the moon.

(d) Micrometeoroid in_act ()n multiwali shells has also

been sbld_ed. In i,bese studies, targets were impacted with

class })alls to sim_late stony meteoroi@s. The tarf]ets were

:._h_;<!ewo.ll; r]o_])le ws,l_l_ and do_b].e wall fi]_led with

I!...._(...........| ....



fiber Id.ar,:-',, II, w'_,: _l,r,6 i,],ni, f.b_: _io_l_l.e w,'._,].i with fiber g].,",_ :_
wan a]anost f:i.v(_ !:.iw:r. ;,,_ _ ['f'T._;ic_I n,s t'hn :_incle wal]. of same

(]) Ablation c,_,.<L:i._,q --

(a) ']._lisis a _c_: ])rocr_,m L}_at ul;ilizes the combination ol

an arc-jet wi_d J::,mne]__md m_ mc<-_m:_i_ furnace for testing.

With this equipment_ sl:,_die_:w:il:ibe mo,Oe of _he effects of com-

bined_ radiative a,n(lmmvecti ve l_<d:, i'l]_zes on the ablative

properties of plastics.

(b) in this ])regro_n_ tests were made to determine the

effective heab of ab!atbm of plastics ai; heating rates front

]0 to 80 Btu/ft -oecc-n<_. _.Ibetest specimens were made of two

materials: Tell.on and high-dmnsity polyethylene. It was formal

that for Teflon (a s_b]iminC material) the effective heat of

ablation was abo_t -the so_ue as that previously determined b v

others at much higher heating rates. For polyethylene (a

melting and vaporizit_g gbla.tor)_ the effective heat of ablati _n

was only about 60 percent of that at higher heat rates. It is

felt that this reduction is d_e to the melting (with consequ(_t_t

_mnoff of the liquid) of polyethylene°

(c) _is progr_n has no results at present, The tests

include subjecting specimens to both high v_cu_ pressures
and solar radiation.

(4) New equipment for ablatJ.on studies - _e parabolic ent:c/

simulator_ presently nearing completion, is designed to e×-tend the

studies on ablation coo].ing previously made in the atmosphere entry

simulator to velocities approachin_] escape sl)eed,

(5) Film cooling -

(a) An analysis of the effectiveness of be].ium film <:o:_-

ing in protecting a surface from convective heabimg has _.een

made and a report on the rus_its is oo]m_ost completed.

(b) An es<perimenta], stuJy o:f helium fi]mn cooling has ,1_-',

been completed. These tests _ere _m in the l-foot hj>q_ervel<_:_iL,y

shock t_mnel at a Mach n_m_ber o[' lO_ an entha].]?y o[' ]!,000 ]1_,_,'_}_

an<] at a stagnation 7)ressnre of )r_O0(_ ps'i, ._he res,_],I:_<,f th, :<

tests are 10resent]y _' inK, evnl,_otcC.



b. Jet Propul_ion Laboratom_ (JPL).- JPL is doing no work which is

directly related to Apollo. 'l_ey are interested in flange design for

high-vacuum seals and l_fbrication problems for low-temperature work.

_ey are also conducting studies on a Mars-probe vehicle_ visualizing a

close approach in the early missions followed by a soft landing (50 fps

landing velocity)•

c. _n_ley Research Center (LRC).- LRC efforts fall into three

broad areas. These are Thermal Protection Systems, Reentry Flight Tests,

and Structural Dynamics.

(i) Thermal protection systems -

(a) Analysis of system efficiency - An analytical program

has been underway to define the thermal efficiency of protection

systems which can perform satisfactorily in the Apollo reentry

environment. This work has sho_ that lightest weight is

achieved by shielding systems which radiate a major fraction of

the heat load at the shield surface and which incorporate an

efficient mechanism for dissipating the fraction that is con-

ducted into the interior. The mechanisms being studied are an

endothermic phase change or decomposition which occurs at a low

temperature in the shield interior and a water-boiling system

at the shield back surface.

The analysis has permitted estimation of protection system

weights for the range of heating conditions likely to be

encountered in Apollo reentry trajectories. For typical

vehicles, the indicated weight averages 4 to 5 pounds per

square foot of vehicle surface area.

A machine computation routine for detailed analysis of

ablation mechanism in deep-charring plastic ablators is being

checked against available experimental data from hot gas jet

tests. This work should pemuit an accurate pre<_ction of the

behavior of the charring ablators under long-time heating

inputs.

(b) Ablation tests - An experimental program in air-heated

airstream facilities has been underway to evaluate the relative

performance of candidate heat-shield materials. Shield materials

of equal weight (3 ib/ft 2) are exposed to the same cold wall

heating rate (i00 Btu/ft2-second) and stre_u conditions

(T s = 9,500 ° R). The specimens are eva_lated on the basis of

the rate of temperature rise of a sensor mounted on the back

face of the specimen.



In these best% Dhe 4eep-,:iLa.,rp_'_L!; ol/_/;l,i.c ab!at;ion

materLal__ were _arked].v, bmi;ter 12m_ [.i_e_o-,TN.r_rr-iu_.....o plasUu.

ablato?s. 'Free ]ensth of ti_<; be£'<_re L}_e brick _urfo,c<_ reoc}_ed

200 <) .? #or a <]eep-chn:Kci]li_ _ffSai;or "_'r .-...... { ._.): e<,n.mt_i e. phenolic-
nylon) was 2'_5 rR'.conds a.,'; ,,ompored. L.(, 55 r;c-:c_)u(]:; nnr]. (30 "_e<r_nd_;::

for _]onr:lt_Prin(] cUt)is.tots: Te£]_o_ L].f]d[ J2jr]<;rl rc.f_:_,;:!:r_.,,;(s]_J, _].n_c]
80 seconds for g_].ass-re:i]] ('¢,r',]ed chsrrr[_n<_ &hi _to.r; _-, 'T'!}e re.el n£ f ori

l<f the high-tomt,eraoturc' char :[n coojunctiosJ wib}_ the. low tei<np+_r.-

ature of the s;blr__t:i.ng m_:<£s.ce at ish(: i.,'_se of thc_ char are ia:P_,c-L.,,

responsible for this favorable behavior, __o!n_zl efi'icienuies

(total heat load divided by original shiekd weight) _reat.er then

8_OOO Btu/ib have been obtai.ned, wi.%h rSUOh msd.erials at a stream

enthalp,y of 9_000 Dtu/lt)_ w?_eT.,eas_i'efion and nylon dissipste

only about 5_000 Btu/lb at, t%.£s e_sthc<ipy le_rel, i_l.i_s prog_'am

also includes tests of porous ce:Pssdcs filled_ with mariou,<- resins

for comparison with the deep-chsorrin S materisl;_.

(c) Erosion shields - Aft,erh,';cliesof the Dpoilo reentry

module maW make use of Nonabls,i;i._).,_!; radiat;ing, structures, k']_e

outer layer of this _-bru<_.t,,_reis _amown as on erosJon shiel<_ and.

serves to confine "_,r,insul_-_,Lrb;_,i<%yer,

Tests have been u_nde_,) on several desi_nP, of refr_3ct,or,y

metal erosion shields, q_Izese tests ],,s.... _c q;}loTs] !,zla,_' rat]let

simple shield d.es:£,sns can b.<, (d;tac}2ed to the. i>rimary ot_n.<%,, e

iT] a manner that pe::m_j.t;r_ t:.!ze::m_al e;<pa.r_r<ion _rh:Lle avcC.ding act.o-

elastic _iff'<cu].b'es. "__ "_" - ..Le]D :!Y!(tk>,]_. " lt])()N i ]GO : ;;_l_::)llpS C<£ b]tC

structure to be p]'ote<;ed__ the wei_;]_b o:£> '._<;h s]_elds in mo].yb-
den_,ml o,l_].oy should, rz_,nf]e r_rr-:_ 0.<'_ tq ' '_ po__ndc, per smtare f'oq*

OxiYiatio_z Les US OY, f'z_bricu,o'_,qs]i£eid:; J nc_.<'>&betha[. hcr_LJ_:t

rates up to pC Btt_/':Lt2-so('ond ¢.u.nbe t _i<ra_!,: ]. :%r bime per:lods

in excess of the reqt_iP<mgoni;s o:£ t]-,e/11)o]]o :'e<mtry t:ime. [?csb_

_ire beinE_ cone!tied in aPc-l'__ua[.cdo:_._';;trcum_c' for eoP<_ps:_risonw:[tl

tests in a furnace cnvir<:)_mtc:;ni<%_.7(].:k[_;o i,:>:',rovide a <t,a_is re-r"

comparison with fd ture fJi.igh% e-.qvirc:am_c>:Lte<sts.

_%'Iec;ht%ni(3(%l &i'_q _.itC_N,..L :,z'<!!?crt:.y be i;s :)11 L'.t_'v'u].'Oi por(R_[{
..... "...... do m_m_ine _:he:!" _ if.it 5-ceramic ma%erie]_r_ u.t'e (G;r.r, _:Tu_crm%' !o .

in an erosion shie.]+-iappl..r_ L!,:no

(ct) Low-].eve]_ coo]. Lzlii:; ;;V:'._3{i7]_:;,. .- ]'<,i_]]_lttell[_2-]ee <n"i :_ "'.,'.',

int.erior wa].l tem[-<<pooture ( < l')0 ° -1-') is dc.si.pa;bie in t.]te

reenbz_-mo0ulc. %riot_s :P(.(tll;n Of vJ,'.Lt, or- ;c)©li],<[!; systcl]lS ]][b,-

grated with load-cc_rr,y:tng, s t:_:_,rLurearc being] te<._te_ :£'.:,r

thel_r_so-I. perfo]mlance a;; _._<;\]_ a;', for el'f c< t_: <;n s t._'uc[:._ral J.m::c:-

rity> Tests have beef; c.omp!ot;cp,ff022 }7,e,/i7]A} 1'craft (]ox_eu',_J;iot_
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t_be(t _Me_:[, [)_mc:].s. A c(:)mbinod circul_),t:ior_-wick sy,'_tem of

NAgA do._ig]l is m_der c1_rrent _nvestigation. '_tc' latter system

is ,lesignec1 for a heat load _p to _ Bt,_/ft2-seeolq_] with local-

:Lzed rates ,_p to ,:0 B tu/ft_---,_econd. [ucb ___ate._;are the hichest

snticifated heat leaks thro_izh e_terr_al heat s]lields.

A supporting investigation is the calculation and measiJ.re-

ment of heat-transfer properties of m_itiwall structures such

as honeycomb and corrugated core sandwiches. A thermal conduc-

tion apparatus that can handle panels up to 2 feet square is

near completion. This apparatus can supply heat flux rates up

to about 20 Btu/ft2-second in combination with pressure alti-

tudes up to i$0, O00 feet.

(2) Reentry flight tests -

(a) Advanced materials and structural payloads - Materials

payloads are under design for reentry tests at 30,000 fps. These

payloads are scheduled for launch by Scout boosters starting in

September 1961. A heating time of approximately 2 minutes is to

be achieved on a shallow ballistic entry with data recovery by

delayed-type playback prior to in_act. The test area of the

reentry shape is a blunt face approximately ii inches in diam-

eter. Data to be obtained are thermocouple readings throughout

the cross-section of a charring ablator. A determination of

char integrity is the primary goal.

In order to achieve longer test times in flight_ an

engineering study is being made of a lifting reentry body of a

shape and size compatible with the _co_,t booster. _f%e present

configuration is a _o half-angle-cone cylinder about i0 feet

long which achieves a heating time greater than 15 minutes from

a release at 200_000 feet at 20_000 fps. This body is intended

to be recoverable and is designed to exercise thermal protection

systems in the Apollo flight corridor for realistic time periods.

The stlmcture incorporates a low-level cooling system and can

accommodate either plastic ablation shields or metallic erosion
shields.

(b) Heat transfer - Two heat-transfer payloads similar in

body shape to the materials payloads are being designed for

tests at 50,000 J_ps. One payload is to measure total heat tram-

fer to a bltmt face_ whereas the other is to measure the

radiative component. Particular interest enters on measurements

made in the nonequilibrium flow recion. 'l_e data from both of

these psy!oads is to -be obtained by delayed tape playback after

emergence from the trans_nission blackout re_ion.
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Preliminary thinking is also going on concerning tests at

35 to 40_000 fps utilizing Minuteman boosters as well as avail-

able Jupiters. A small study contract has been let to the

Chrysler Corporation to determine flight-test conditions obtain-

able with Jupiter.

(3) Stl_ctural _Fnamics -

i
(a) Booster structure - A _--scale dynamic replica of the

Saturn SA-I vehicle is under construction. The replica duplicates

all important joints and fittings. The tanks will be capable of

holding liquids, including liquid nitrogen in the lox tanks in

order to reproduce temperature effects.

This model is to be used for _ibration and stiffness studies

of the Saturn booster inasmuch as confidence in analytical cal-

culations for this complicated structure are in doubt. It is

expected that stiffness and vibration testing will begin in

mid-1961. Experience is currently being obtained in stiffness

and vibration testing of clustered tank configurations using a
i

model which is approximately a _--scale Saturn.

(b) Panel flutter - Accumulation of test data for estab-

lishment of flutter boundaries for various types of external

skin panels is continuing. Recent work is directed at the effect

of aerodynamic heating on flutter and the influence ofpressure

differential across the panel.

Some of the configurations tested are representative of

erosion shield designs. Current plans are for tests of panels

with curvature and which incorporate various degrees of flexi-

bility in mounting to the base structure. A limited number of

tests have shown that panel curvature is very helpf_11 in pre-

venting flutter.

(c) Particle impact - Data has been acclnnulated on pene-

tration characteristics at speeds up to 16_000 fps. This work,

as well as tests of the effectiveness of meteoroid bLm_ers,

has been prepared for publication. Current tests in the g_n

facilities are being carried out at speeds of 26_000 to 27_000 i_s

using particles fired from opposing guns. A second light-gas _n

is under construction to increase test speeds to _0,000 fps.

The S-5_ micrometeorite satellite prototype has passed all

developmental and environmental testing. The flight payload is

being assembled for a planned launch in May 1961.



Calculations indicate tha,L all of _he dii':Cerent detectors should
have been activated _urLng the der_.igno_:hiL lifebime of i year.

A flight-test proposai_ awaiting NASAHeadquarters approval_
is the launch of a paraglider with a 400-square-foot exposed
area to obtain direct meas_rement_on the frequency of input of
small meteoroids and the resulting penetration depths. A probe
shot of 7-minute duration in space is planned_ and calculations
indicate the occurrence of _000 to LI_000 measurable impacts.

It is planned that the inflated glider will return to earth and

be air snatched prior to impact. Examination of the glider

should reveal information on the mechanism of cratering at high

velocities and may lead to recovery of meteoroid material for

laboratory analysis.

(d) Landing impact - Dynamic model tests have been carried

out with several of the proposed reentry module shapes. The

problem of dissipating horizontal velocity has been studied in

particular. Whereas rocking motions occur during sliding impacts

on earth surfaces, violent skips are encountered during water

landings with shapes such as the lenticular. It would appear

that letdowns with devices such as a paraglider will be restricted

to landings on fairly well prepared surfaces. Test programs of

large-scale paraglider systems are in the planning stage and may

involve airdrops at Edwards Air Force Base.

Work continues on vertical impact attenuation devices such

as collapsible structure, air bags, and rocket systems. The

interaction of rocket systems with assumed conditions on the

lunar surface are being studied in model tests.

d. Lewis Research Center (LeRC).- LeRC efforts fall into six broad

areas. These are Meteoroid Damage Studies_ Catastrophic Failure From High

Speed Impact_ Landing Impact Attenuation Analyses_ Fracture Mechanics

Studies_ Supera!loys Research_ and Refractory Materia!s Research.

(i) Meteoroid damage studies - LeRC will have a meteoroid pene-

tration experiment on the S-55 Scout satellite. LRC and MSFC will

also have experiments on this same satellite. The LeRC experiment

will measure penetrations that occur on 0.O05-inch and O.O06-inch

thick stainless-steel sheet with a total exposed area of a little

less than 4 square feet. Penetration is recorded by breaking the

continuity of gold-foil gages attached to the rear face of the

stainless-steel sheets. There are a total of 60 sensors on the

experiment.

A comprehensive stu<_v has been made at LeRC to catalog and
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interpret infol_nation that is presently available on meteoroids
and damagethat can be e_gected on space vehicles for near-earth
missions. Based on this infol_nation, studies are being madeto
determine the type of experiments that should follow the S-9_
satellite to obtain the most reliable information within the limi-
tations imposed on satellite experiments.

(2) Catastrophic failure from high-speed impact - For some
space vehicle st_ictures_ the danger from meteoroid in_act maybe
far greater than that due to penetration of the structure. For
materials that are alrea_¥under a relatively high stress state,
the impact of a meteoroid can initiate a complete structural
failure that is in someways related to the brittle fracture of
pressure vessels. It is conceivable that this type of failure
can be initiated without complete penetration of the structural
element. The major concern on this type of failure is for pressure
vessels such as the crew compartment, propellant tanks_ or any
portion of a pressure-stabilized structure.

As an extension of the fracture mechanics studies at LeRCin
which failures of materials are studied under static load, a pre-
liminary study has been started to obtain a better understanding
of the failure mechanismresulting from high-speed impact on
materials already under a static-stress condition. Preliminary
studies have shownthat catastrophic failure can occur even for
materials normally considered quite tough. An understanding of
the mechanismsaffecting failure is being sought.

(3) Landing impact attenuation analyses - An analytical
procedure was developed in Technical Report R-75 for stuc%ying
the deceleration characteristics of landings on gas-filled bags.
It was shownthat for normal parachute descents, the deceleration
and onset rates at earth impact are acceptable for well-supported
humans. Additional analyses are being madeto comparethe effec-
tiveness of this type of deceleration device with retrorockets and
various shock absorption devdces.

(4) Fracture mechanics studies - Brittle fracture is a serious
problem in minimum-weight pressure vessels. In general, as material
strength is increased in an effort to reduce the weight of material
required, the material becomesmore notch-sensitive and subject to
failure resulting from stress concentrations or small material
defects. Experimental studies are being madeon the notch sensi-
tivity of a wide variety of materials for a range of temperature
downto that of liquid hydrogen. !n addition, burst tests are bein_z
conducted on subscale pressure vessels for the samerange of temp-
eratures, and efforts are being madeto correlate tensile specimen
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tests with the strength potential of the samematerials in pressure
vessels. _]lis infomnation should be of use in designing pressurized

st1_ctures in Apollo.

(5) Super_llo_s research - Research is being conducted on

superalloys that have useful strengths ;for temperatures up to

2_000 F. Ebq0erimental alloy<_ developed at LeRC have demonstrated

high-temperature strengths considerably superior to commercial

alloys presently available. Alloys of this type could possibly

find use in areas subject to aerodynamic heatiny) during reentry.

(6) Refractor_ maberials research - Research is being conducted

on metals and ceramics havingothe highest known melting points.
These include tlulgsten (6,170 F), hafnium carbide (7,200 ° F) and

tantalt_n carbide (700 ° F). With further development these materials

may find use on hot reentry structures. The research on tungsten is

aimed at improving its workability and toughness. Research on sur-

face finishes and improved purity have shown that under the proper

conditions, marked increases in ductibility are possible. Very

little is presently knom_ about the physical properties of the two

highest melting ceramics known (HfC and TaC). Experimental deter-

mination of their physical properties at temperatures up to

5,000 ° F is underway.

e. Marshall Space Flight Center (MSFC).-

(i) Structures - Presently at MSFC no work directly related to

the Apollo capsule is underway in the field of stn_ctural design.

However, investigations have been made or are underway with respect

to the adaptability of the Saturn vehicle for use in the Apollo

program.

(a) Load computation - Within these activities a pre-

iiminary load computation has been completed for a Saturn C-2

vehicle configuration, carrying the Apollo payload and using an

S-I stage for 650, 000 ibs of propellants_ an S-If stage and an

S-IV stage. Total vehicle length including Apollo was assumed

to be 2_430 inches. 0n-pad and flight-loading conditions have

been studied. The results have been slmmarizcd in a confiden-

tial NASA-MSFC internal memorand_un, SD No. i8, dat_d November l[i,

1960. _]._is is preliminary data_ but gives information about

expected loads during "on-pad t:ime" and during powered Stage-I

flight. Available upon request from MSFC technical libral.7 or

from MSFC_ Sti_uctures and Hechanics Division, S tm_ctures Branch.

(b) Pressure connections - Flange connections of pressure

lines_ manhole covers of ....ple ...._ re vessels and other similar

press_ re connect:ions in guided missile systems as well as

.... -I_-- I ,"
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other space vehicle s tm_ctl_rcs_ be:i._g subjected to 1,%r[_e chancier,

in temperat_re (in p,'._,rt:ic_].t_r_ temperr_.t;ure drops :ffrom room

tempertt%ure down to liq_id-o;<yc_en or ]..iquid-hydrof<en tempera-

tures) ]l:rvcl)('<m a_7<]st[].l _,;'(-_ tro1_])].espot_ with respect to

likelihood of bbe dew:_].opme_,I_<)("Ic_.]<s _J,ndthe rc_n.S_%in6 fire

and explosion ]_zards. A:II oft'otis e",cpended so far t<_ develop

connections wi_th abqo]__te pr(;ssur,_ t:Lgh.!_ne._<_resulted in

certain improvements_ b1_t not in :_ lO0-percent sol_ition of the

problem. At present_ ollr o_itside colrtract work is planned at

MSFC for a thorough investigation of this problem from the

analytical and from the dmsign (fl.an_e des:ign as well as sea]_

design) aspect. MSFC considers this leo.kage problem as

especially severe for space structures since they have to

operate not only under adverse env]rorm_ental conditions such

as vacuum an8 temperatl<L_e envJronment_ but have to stay tight

over extremely large :['l.ighttimes compared to our present

IRBM's a_d ICBM's.

(2) Materials - The followinc materials research work,

applicable to a certain extent to the Apollo program_ is either

already accomplished or still under_;ay in the Materials Branch of

the Structures and Mechanics Division of HSFC. The report ntu_bers

and dates of publication are given with the research subjects

below. These reports may be ordered through the Technical Library

of AOMC, or the Teclmical Library of MSFC.

(a) Diffusion of gases through materials - It is well

known that many gases will diffuse slowly through engineerin_I

materials. The diffusion rate is dependent not only upon

temperature and pressure differential but also on the nature

of the gas and materiaA. Other factors being constant,

diffusion rate is inversely proportional to the square root

of the molecular weight of the gaG. Hydrogen is the lowest

molecular wei6ht gas and is bein6 considered widely as a

propellant for chemical and nuclear rocket, propulsion. For

these ressons_ pr:i.ma_ attention has been placed on dete_ine,-

tion of the rate of diffhsion of hydrogen through materials.

Altho_gh considerable research has been reported on the mecha_-

ism of dif:['_sion, almost all of this work was dew, ted to

studies on p_re materials. Very little experimental info_r_a-

tion is _,v,%ilable on en/_ineering mater:ials.

A£t<,,r initial attempts-to dete_m_ine dif£us_on coefficients:

by me,%;;_rement of pressure losses in a seL_Icd container were

unsuccess:['_fl., o method L_sed _pon mass ;pe<;trometrie d.etem_;i,_Y_,-

tJon of _:s,ses dk['i'usin_{ thro_LJ_ & membrane of the test maLeri_.]
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method were veri_ri_',dby comparison of experimental and

literature va].ue,s for the-:diffusion coefficient of hydrol,>en

through palla.ditml. _lle dil'f!_slon cocfI."icients of hydrogen

throu{]h nic]',el alld i.,?7_e§01 stainless steel were fo_ind to be

1.9 × 10 -16 and 5 6 >< iO-I'_"
2

..... sec/cm -/ram thicknes s/ram

press_re, respectively. !_e dlffusJ(_n coefficients of al_unintun

and type 502 stain].es<<_ 'steel were below 2. 9 × i0 -17 cc (STP)

2
sec/cm /rainthickness/_n pressure_ :[.e._ the limit of sensitivity

of this method.

._lese results indicate loss of hydrogen by diffusion

through allnninum or type 150P stainless steel containers for

space applications probably will be negligible in comparison

to ordinary, les ka_ses which _isually are present. Assuming the

most drastic conditions wh:ich may be expected_ it is indicated

that almost 4_000_000 years would be required to lose 1 percent

(wt) of liquid K2 by this process. However_ the time

required to significantly reduce the effectiveness of vacuum

jacket insulation schemes will be far shorter than that for

1-percent weight loss %o occur. ']]lisfactor is much more

critical since once insulation becomes markedly reduced_ the

boiloff rate of liquid hydrogen will increase greatly_ thus

leading to vessel rupture or excessive loss by venting. Again_

using the most drastic conditions "which can be anticipated, it

can be calculated that the start of deterioration of vacuum-

type insulation effectiveness will be between approximately

lO0 days and 7 x 1014 years_ an_] will be essentially complete

lO 16between 27.5 and 7 x years. The first value stated for

each oF the above cases (start and completion) are based upon

the maximum diffusion coefficient of stainless steel or

al_uninum as determined ex-perimental!y in this program and the

latter values are based on d_bious extrapolations from the

literat_re values of the diffusion coefficient for aluminum.

More sensitive methods of detc_._ination of dif_klsion rate.s

of hydro6en throu_h en{_ineerin_, materials are essential in

order to predict more _-tccurately the lifetime of insulation

schemes e1_01oying vacutml jacket:_.

(b) Compatibility of engineering materials with s_ace

environment - One of the most important considerations for the

selection of a material to be use(] _n the space environment is

compatibility with ultr_l)igh vmculm. For this reason_ a means

was developed for dete_m_inim,, the evap<n;ation rate of materials

under conditions o:E high vacltt_m and temperat_ire.
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Stu<des ou p-Life _,:_@}_o,:_dsshowed that the theoretical

e;qalanation of th_ me<-hsnism oF evaporation of materials at

elevated temperatl_z'e:_ _,.a_be al<91ied to tee cvslu_; t/on oi' the

co_patibi]_il;y el.'enSi.ncering mater i_rJ]_swith reduced pressures

at _nbient temperat_!re_:. In the latter case_ however_ the

rate of ev_,_,p<u'at:}on _,i]l duc_'ea, se to a constant value because

heat is not supplied to the sample to m_,intain the temperature
at its initial va]ue.

}_l<trapolati_,m oT data available in the literature on the

evaporation rates of' Oure metal at elevated temperatures

ind£cates that tl-,,xevu.pora.tion of some mettd..s in space may be

of more importance than changes in mechsnical properties in

limiting the'Jr t_seful temperature range over an extended

period of time.

Five vacu,_a sy_)tems were developed and tested for evaluat-

ing the vacuum compatibility of materials. The combination of

these systems provided a capability of producing environments

at 8resoures o£ At to lO mm llg and temperatures up to
!NO C. By Jnco_Torating an electronic balance into a v_acu,o_n

system_ the rste of weight ]oss_ i,e._ rate of evaporation

could be detez_ined continuously.

%<he com_;o,t_{,l]J _;y of materials with vaculur_ was investi-

gated in _ stepwise mPnner, Initial tests were made at ambient
<]

temperature in o, sy:_tem capable of reaching i0 mm Hg. Those

materials which lost no 8_pprecia{ble weiy_ht under these condi-

tions were retested at 50 ° C and I00 ° C in the sgmle system.

%_e best material;; screened on the basis of test in this system

were tested and cLS2.ed simi]ar].y in systems capable of

-6 lO-a].0 _ 10-7_ <r,d f'inally 10--I0

Because the _reat nnmber and variety of engineering

materials which may {,c employed in the space envirorment

precluded-testing: o£ all within a feasible time or effort_

only those mate:_'_als win.oh were _nd.er active consideration for.

such use_ and were ,':_spc:'ted of having appreciable vapor

pressure's_ were seledtc, d ibr experimental testings.

E_,qferi.ments] x'(x__lt._ ind [cx_te that Teflon probably is the

most satisfactot',/ o[' o_,'{,,anic-tyl_ematerials wi[;b respect to

evapora-tion in v:,,-,_ul_,.['.<'<Isr>with or wit ho_t an a]._lminum
coating_ is S[_,tisk[%_cb()r_/at tcl_pers,l>ires below lO0 ° C. Organic

insulatfion:_ ;m _,-o''_,.c_.._t_'--i, __ _,,dri:_< for ;;pact :JpplJ,. st[ons shoul,f



be checked for vacuum compatibility. It was found in several

instances that the plasticizer volatilized, causing severe

embrittlement of the insulation and depositing an oily film

on cooler surfaces where it condensed. Most lubricants par-

tially volatilized in vacuum. This effect, however_ is not

necessarily detrimental. Thus, vacu_Jm compatibility tests on

lubricants preferably should be done while in use under

simulated service conditions.

(c) Effect of space environment on the extreme pressure

qualities of lubricants - The wear characteristics and load-

carrying capacities of a petrole_u_ oil and a synthetic oil,

with various extreme pressure compounds added, were studied

under boundary lubrication conditions at reduced atmospheric

pressure and in an inert atmosphere. Results of this work

indicated that the lubricating properties of the oils tested

were not changed when operating in an atmosphere of nitrogen.

However 3 the lubricating qualities of the petroleum-based oils

were drastically reduced when subjected to an absolute pressure

of 20 microns of mercury. The lubricity and load-carrying

capacity of the synthetic-based lubricants were only slightly

reduced at the lower atmospheric pressure. This work has

shown that the loss of lubricants by evaporation is not the

only problem associated with the reduction of atmospheric

pressure_ but that deterioration of wear characteristics and

load-carrying capacity of lubricants can occur at environmental

pressure higher than where evaporation would becc_e a serious

problem.

(d) Effects of space environment on certain physical and

chemical properties of materials - (Report No. MIP-M-MS-IP-60-1,

being published at the present time.)

'l_heeffects of the space environment on materials must

be studied and understood before highly reliable space flight

can be realized. Since it is impractical, if not impossible,

to create the total environment of space in the laboratory_ it

is necessary to study the effects of those components of the

space environment which can be simulated in the laboratory and

especially those which are expected to have the greatest

detrimental effects on materials. The vmcu_un component of •

space is probably the most easily sim_lated, and is believed

to be the major contributor to the degradation of the inorganic

materials. Therefore, the study of the effect of v_cuum on

materials constituted the major portion of this program.



lh_ oro_.'am wa_'{die,tried into three parts_ de.fined as
follow _:

PARTI - E1he ]!if.i'd'c i, oi' tii_id_-Vam_um Condi ,ions on the

l,'uti;_ue Properl:ies of Meha]_s

PART I! - _i_e Effect ,,)fVacutnu on L_d.)rication

PART IIl - A2_ '- _'-_"" -". l_ve .....Lhat,lon of Bon(]:i_n_<Forces _ghro_gh

#,yap o.r_., (,ion

1_.e parts were studied individ_aily and separate progress

reports were prepared on each part. However_ the results of

each part were correlated with those of the other. PART III

was desi_{ned to s_pport PARTS I and !I.

PART I - An invesbication to deten,nine the influence of

reduced pressures on the fatig_e properties of several metals

at room temperature indicated that_ by the reduct:ion of oxygen,

the fatigue properties of some metals can be improved. Fatigue

life under vacutu_ cond:[tJons may be ten times greater than at

correspondin_ stress levels in air. Increased i'ati[_e pro-

perties in reduced pressures depend upon the oxygen affinity of

the particular metal. By the elimination of oxide :film forma-

tion on crack walls or the reduction of oxygen diflt_sion at the

crack front_ the rate of crack propagation can be substantially

reduced by vacu_m conditions.

PART II - ½_e paramleters which contribute to successful

lubrication in the: _<[_ace enviro_Lment were investi(!;ated..

Special equipment_ designed sI)ecifically for this ])u_1?ose_

permitted the coei'1'icieut of friction of a _mnning bearing to

be monitored for the life of the bearing while ex_osed to a
-6

pre_;sure of lO _-a of mercury. Ekect.rol<l.ated silve_:" fJ.]mls_

in \_,ryin(:_thick.r,eL;ses_ we_;e uv,e(] e,_<cl_sive]_y in the: exper_-

mental_, pro_<ra_ in order I,o evaluate an opt.i_mm_ thic'knes;: of

the lubricant fii½_. Other parameters studie{_ inc]_uded:

lubricatini7 i'i]m_ to bc;_'[_)i_ ;tnd ()I) [/d.erance between

rotating Lea_,ri.ugco,mpo_o_d:._;, inil,ial test,in U considered pure

s].iOJ_n6 frict:i<u_ :_s e_<perienced in sleeve bearing:: with later

work devoted-to combined sliding, and r_]_]_in_ fr:Lci_ion as.

exile rienced in ]<_]]_ ])e_:_,rln.<_.

Ib should bc holed that this st_,dy (lid not inclu<le ,_tny

petz'ole:Lm base or s),nt.het:i(:-l)_)'L'.<_d]_tiln-icants as s l,udied II/IdLYL'

A]]PA order 92-!.>[),
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PAI{T III - _is investigation was undertaken to measure

the bondin6 force between oxide and metal by a method which

aw)Tds the utilizat_ion of mec]lanic_l testiny, devices. ']%le

method is dependent upon the var:Lation of the evaporation rate;

as a i_mction of film thickness; of a thin metal fiJ]n (few

An6stroms in thickness) depositeO on its _;×ide. _]_leeq>lipment

used is deseribed_ and this equiDment was designed so t}lat the

change in apparent vapor pressure with +ime could be determined.

From this change in vapor pressure_ the bondin(j energy between

al<_ninum _und aluminium oxide vras detelmlined.

The presentation of the results of these _;tuS_ies of the

effects of the space enviromnent on certain pi_ysical and

chemical properties of materials does not imply that the

problems have been solved; to the contrary, the effort has

been successful prfmarily in defininr< the magnitude of the

problem.


